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Summary
The standard agar plate technique was found to be a good method for screening the
presence of leachable antimicrobial additives in rubber compounds. However, this
technique restricts the growth of microorganisms to the perimeter of the samples and
is less satisfactory as a long term test.
In a liquid medium, there should not be any problem for the microorganisms to gain
access to the inorganic and organic nutrients as well as oxygen. Many experimental
trials were carried out in liquid media under dynamic and static conditions with
Streptomyces lipmanii NCIMB 9841 as test organism. This led to the development of
the modified batch processes.
The modified tests allowed experiments to be performed over a long period of time
without concern of accumulation of toxins from the leachable antimicrobial additives
in the rubber samples and the metabolites from the utilisation of carbon sources by
the microorganisms. The test procedure developed proved to be very reproducible and
repeatable.
The use of neutral chemically defined media with no added carbon source, the
absence of strong oxidation catalysts coupled with the use of proper control samples
defined the least vigorous conditions for biodeterioration of rubber compounds. On
the other hand, the degradation of the rubber compounds under field and semi-field
tests is likely to be a combined effect of biodeterioration, hydrolytic degradation,
leaching and oxidation of samples.
Five strains of fungi and four strains of actinomycetes were tested against five carbon
black-filled seal compounds. The types of rubbers used were based on natural,
styrene/butadiene, peroxide-cured EPDM, sulphur-cured EPDM and acrylonitrile
!butadiene rubbers. Among all the species tested, Nocardia was found to be the most
aggressive group of microorganisms in affecting the rubber samples. The strains
NCIMB 12811 and 12814 had activity towards vulcanised gum NR samples, whilst
Nocardia asteriodes NCIMB 12082was very capable of utilizing rubber additives.
It was found that besides the physical dimensions, types and formulations of rubber
compounds; test conditions such as temperature, agitation speed, pH; amount of
rubber sample used per unit volume of test medium, and renewal or non-renewal of
test media also played an important role in affecting the activities of microorganisms
towards rubber compounds.
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Glossary of terms
Bacteria
Biomass
Chemically defined media
Fungi
Gross weight loss
Hyphal
Isolate
Mineralisation
Minimum inhibitory concentration
Any group of procaryotic microorganisms (simple
organisms. including the bacteria and cyanobacteria.
with no nuclear membrane. no membrane-bounded
organelles (subcellular structure). and little complex
cellular ultrastructure).
The total mass of living organisms in an ecosystem.
These are composed of known quantities of chemically
pure. specific organic. and/or inorganic compounds.
A large group of chemotropic. multinucleate. sometimes
multicellular eucaryotes with rigid cell walls and
absorptive modes of nutrition. The fungi include the
unicellular yeasts and the multicellular moulds.
mushrooms. and toadstools. A eucaryotic
microorganism is characterised by having true nuclei.
which is bounded by a nuclear membrane and extensive
intracytoplasmic structure. The cells of protozoa.
fungi., algae. animal cells. and plant cells are all
eucaryotes.
Measure of the weight loss of a sample tested under a
set of predetermined test conditions.
A single filament of fungal mycelium.
A species of microorganism isolated from a mixed
culture of organisms.
The process of converting organic forms of elements
into inorganic forms of elements by the activity of
living organisms is known as mineralisation.
The lowest concentration of a chemotherapeutic agent
that is able to stop microbial growth.
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Mycelium A mass of threadlike filaments, called hyphae, that
constitute the vegetative structure of the fungi.
Net weight loss Measure of the weight change of a sample after
compensated for any losses due to the control sample.
The control experiment was carried out under similar
test conditions.
Repeatability Determination of the difference between average results
of two sets of test specimens carried out under similar
experimental conditions except at different time.
Reproducib iIity Determination of the variability of results among
specimens tested within an experiment
Respirometry This technique involves placing the sample and
organisms in a test medium in the flask of a Warburg
manometer. The amount of oxygen uptake was
measured after a predetermined period of time.
The process of spore formation.Sporulation
Taxonomy The science of biological classification; the grouping of
organisms according to their similarities.
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Abbreviations
Rubber samples
NR Natural rubber
SBR Styrene butadiene rubber
ES Sulphur-cured ethylene-propylene rubber
EP Peroxide-cured ethylene-propylene rubber
NBR Acrylonitrile butadiene rubber
NRX Vulcanised NR gum compound (formulation FI)
NRW Vulcanised NR gum compound with wax (formulation F2)
NRA/O Vulcanised NR gum compound with antioxidants (formulation F3)
NRC/O Oil and carbon black loaded vulcanised NR compound (formulation F4)
NRC/F Complete formulation of vulcanised NR compound (formulation FS)
SBRX Vulcanised SBR gum compound (formulation F6)
SBRW Vulcanised SBR gum compound with wax (formulation F7)
SBRA/O Vulcanised SBR gum compound with antioxidants (formulation FS)
SBRC/O Oil and carbon black loaded vulcanised SBR compound (formulation F9)
SBRC/F Complete formulation of vulcanised SBR compound (formulation FlO)
ESX Vulcanised ES gum compound (formulation FII)
ESC/F Complete formulation of vulcanised ES compound (formulation FI2)
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EPX Vulcanised EP gum compound (formulation F13)
EPC/F Complete formulation of vulcanised EP compound (formulation F14)
NBRX Vulcanised NBR gum compound (formulation F15)
NBRC/F Complete formulation of vulcanised NBR compound (formulation F16)
Microorganisms
PF Penicillium funiculosum
PV Paecilomyces variotii
AN Aspergillus niger
TV Trichoderma viride
AP Aureobasidium pullulans
Medium types
CA Complete agar
lA Incomplete agar
CDM Chemically defined medium
Additives
OOP Oioctyl phthalate
PEG 4000 Polyethylene glycol with average molecular weight of 4000
6PPO
OOPA
N(l, 3-dimethylbutyl)-N-phenyl-p-phenylene-diarnine
Octylated diphenylamine
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TMTD Tetramethylthiuram disulphide
TMTM Tetramethylthiuram mono sulphide
MBTS 2,2-Dibenzothiazyl disulphide
MBT 2-Mercaptobenzothiazole
ZnO Zinc oxide
ZDBC Zinc dibutyldithiocarbamate
CuDMC Copper dimethyldithiocarbamate
S Sulphur
TMQ Polymerised 2,2, 4-trimethyl-l, 2-dihydroquinoline
CBS N-cyclohexyl-2-benzothiazyl sulphenamide
Others
0.0. Optical density
CDM Chemically defined medium
CFU / ml Colony forming unit per ml
pH -log H+molar concentration in a solution
rpm Revolution per minute
1 Litre
ml Millili tre
mm Millimetre
vii
g Gram
Ib I sq.in pounds per square inch
pphr Part per hundred rubber
OWL Gross weight loss
NWL Net weight loss
C-GWL Gross weight loss of control sample
E-GWL Gross weight loss of evaluation sample
E-NWL Net weight loss of evaluation sample
E'-NWL Average net weight loss of evaluation sample
Mn Average number molecular weight
NT Not tested
LUT Loughborough University of Technology
WRC Water Research Centre
IMI International Mycology Institute
NCIMB National Collection of Industrial and Marine Bacteria
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Chapter 1 · General introduction and
objectives of the project
Under humid and marine environments, many microorganisms may colonise the
surface of polymeric materials. Their presence (or their metabolites) often have
undesirable effects on the polymeric materials. The effects could be either functional
and/or cosmetic.
In the case of elastomeric seals used in the pipeline systems to transport water and
sewage, it is very likely that these environments are active sites for many species of
microorganisms. Some of them might use the rubber compounds as a nutrient
substrate for growth. Any attack on the seals might result in functional failure. The
process of replacing the seals is a costly process. Hence it is important that all
materials used in the fabrication of seals are evaluated for their bio-resistance against
common environmental microorganisms.
There are many national and international standard tests for bio-resistance and/or
degradability of natural and synthetic polymers; these are not suitable for complex
materials such as rubber compounds. The only microbiological test dealing with
rubber compounds is described in BS 2494: 1990 Appendix B; where a flow through
system is used with raw river water as test medium (the disadvantages of this
methodology is dealt within Chapter 6).
The aims of this project were
1) to develop a simple, meaningful, economical and reproducible test for
measuring resistance of all rubber compounds against biodeterioration
2) to identify potential antimicrobial, promicrobial and bio-inert additives within a
rubber compound. and
3) to study the effects of additives, test conditions and physical factors on the
biodeterioration of rubber compounds.
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Chapter 2· Introduction
2.1 Introduction to biodeterioration
2.1.1 Interaction of materials and microorganisms
Biodeterioration, biodegradation, fermentation of materials and converting a pollutant
to a compound offering no threat to the environment are four of the common
biochemical reactions of materials involving microorganisms. The major difference
among them are the three critical components (microorganisms, substrates and
environments) involved'.
What is biodeterioration? A widely accepted definition was given by Huecks, He
defined biodeterioration as "any undesirable change in the properties of a material
resulting from the vital activities of organisms".
A biodegradation process may be defined as where the desired biochemical reaction
preferably is one of complete mineralization or at least breaking down of the structure
of the material or item to a state where its organised structure disappears as an entity.
The basic phenomena involved for the two are the same except the magnitude of
change. The degree of change in biodeterioration is generally described at a
superficial level whereas biodegradation usually is concerned at the molecular level.
In the biodeterioration process one is trying to prevent the change of a material
taking place. On the other hand. in the biodegradation process, one is permitting the
change of a material to proceed without impedance'.
2.1.2 Effect of biodeterioration of materials in general
Attack on materials by microorganisms could reduce the commercial appeal and/or
compromise the functional properties of products. In many cases, the process also
generates heat and undesirable odour. The consequences are that it would either
shorten the service life of a product or make the product unsaleable. The replacement
cost of a product in service can be very high as is the cost of writing off unsaleable
products.
The morphological results of biodeterioration may include
2
• staining
• pitting
• discolouration
• disfigurement
• fibrillation
A consequence of materials attacked by microorganisms is a change in various
properties.
2.1.3 Basic requirements for biodeterioration
For a micro-organism to exploit an environment for growth, the environment must be
physically and chemically suitable and the cells must possess a genetic constitution
which can produce the enzymes necessary to transform chemical constituents in its
surroundings to new cell substances.
The nutrient susbtrate for micro-organisms can be complex in structure or simple
organic substances and salts. An absolute requirement for any transformation of
nutrient substrate to new cell substance of the micro-organism is water".
2.2 Evidence of biodeterioration on unvulcanised and
crosslinked rubber compounds
ZoBell and Grant- observed that the use of a rubber stopper in their experiment for
determining the biochemical oxygen demand of water samples led to an increased in
values. This indicated an attack on rubber by micro-organisms in the water. ZoBell
and Beckwith! investigated the observation in greater detail by putting small pieces of
natural and synthetic rubber in oxygenated water. The inoculum consisted of mixed
populations of rubber-degrading micro-organisms or pure cultures of Bacillus subtilis,
. Escherichia coli, Penicillium and Aspergillus species. After 10 days of incubation
and using oxygen usage as an indication for the extent of biodeterioration, they found
that unvulcanised purified rubber to be most strongly attacked; vulcanised natural
rubber, styrene butadiene rubber and neoprene were also attacked. Polyisobutylene,
acrylonitrile-butadiene copolymer, and polysulphide were less readily attacked while
chlorinated natural rubber and polyvinyl chloride appeared to be resistant The
3
amount of oxygen consumed could come not only from the rubber polymer but also
from the biodegradable additives.
More direct evidence of biodeterioration of rubber vulcanisates was given by Blake
and Kitchin- and Blake, Kitchin and Pratt7.'. They found that after subjecting a rubber
insulator to soil burial for some time it lost its insulating propenies. Natural rubber
insulation was found to be the most susceptible and styrene butadiene rubber also
failed in the same test, whereas neoprene rubber remained serviceable. Direct
microscopic observation showed the presence of colonies of micro-organisms on the
rubber surface.
Visible pitting and micropores were found on the surface of natural rubber whilst only
micropores were found on styrene butadiene rubber. Blake et aJ.7 assumed visible
pitting was the result of biodeterioration of rubber polymer whereas the micropores
were formed when compounding additives were consumed by microorganisms.
Rook? conducted an experiment by stretching circular strips of rubber vulcanisates
(O.2mm in thickness) over glass spanner to on elongation of 10 percent and the
assemblies were partially immersed in mineral salts solution. The flasks were then
sterilised and inoculated with two select strains of Streptomyces sp. which had been
isolated from rubber rings used in connecting asbestos cement pipes in water
distribution pipelines. Small holes visible to the naked eye were found on one of the
inoculated strips after 8 months of incubation at room temperature. At 12 months, the
size of the holes had reached a diameter of 1.5mm and the strips inoculated with the
second Streptomyces became wrinkled and limp.
The changes in natural rubber vulcanisates due to biodeterioration based on work
done by Rookt, Cundell and Mulcock'v!', Kwaiatkowska et al12 and ZyskaI3•14.1.5,
Tsuchii's and Hanstveit et al'? are summarised as follows:
• an increase in the equilibrium degree of swelling in toluene
• a decrease in network chain density
• degradation products of NR vulcanisates found as oligomers with
molecular weights from 104 to 103 reaching a maximum during the 9th
and 12th day of incubation and then gradually decreasing
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• from the HI-NMR spectra the purified ali garners expected to be a cis
1,4 polyisoprene mixture of the structure
• a decline in prominence of R
<,
Ca CH - peak at 890 cm -1
R/
and appearance of a broad peak in l000cm-1 in the infrared spectrum
• a decrease of calorific value
• a weight loss due to soil microorganisms (up to 40% during 91 days in
vulcanisates without carbon black but only up to 15% in vulcanisates with a
carbon black content of 45 pphr during the same time and up to 90% of a thin
rubber glove sample after 8 weeks of incubation with Nocardia sp. strain 835A
• decrease in tensile strength
• decrease in elasticity
• Nocardia sp (strain 835A) cleaves NR at the double bond and may be degraded
by oxygenase reaction.
2.3 Factors affecting biodeterioration of polymers
2.3.1 Polymer
2.3.1.1 Molecular weight and chemical structure
A comprehensive study on the effect of molecular weight and chemical structure on
the susceptibility to polymer biodeterioration against a mixed culture of fungi
(A_spergiIlus Niger, A. flavus, Chaetomium gIobosum and Penicillium funiculosum)
was carried by Potts et al" based on ASTM 01924: 1963.
Some of their conclusions were as follows:
• Fungi could utilise the low molecular weight portion of HOPE (mo1.wt 13800)
and LOPE for growth and the growth ceased once the molecular weight had
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gone up to the commercial polymer range. They could utilise straight chain
hydrocarbons (linear paraffin) up to a molecular weight of 451 (C32), above
which no growth was observed.
• Highly branched low molecular weight polymers did not support the growth of
fungi as well as those containing more straight chain molecules with molecular
weight below 500. Branched hydrocarbons even with molecular weight below
450 did not support the growth of fungi.
It was also reported that polyurethanes with polyester-based structures were more
susceptible to biodeterioration than those based on polyether structures.19,20,21,22.
Enzymatic attack could only occur if there were sufficient unbranched carbon chains
between the urethane linkages of the polymer (polyester linked polyurethanes), and at
least three adjacent methylene groups were required for appreciable attack to occur.
The attack was found to be weaker if only two such groups were present. This
suggests that the proximity of the urethane linkages may interfere with enzyme
accessibility to vulnerable groups in the molecule. Urethane polymers prepared from
linear aliphatic diisocyanates were more resistant to fungal attack than those prepared
from aromatic diisocyanates.
Caprolactone polyester with aliphatic ester linkages in the main chain has been found
to be biodegradable but those polymers having aliphatic ester linkages in the pendent
position on the main chain, such as polyvinyl acetate, are not utilised by
microorganisms. Similarly, branched polyester, derived from pivalolactone of much
lower molecular weight (than caprolactone polyester), was not utilised at all.
Polyesters based on unsaturated, dibasic acid (fumaric acid) appear to be utilised less
efficiently than those based on saturated dibasic acids (succinic and adipic acid)' ••
The susceptibility of unvulcanised rubber polymers to microbial attack appeared to be
different for varying chemical structures. Williams" reported that during a soil burial
test, fungal species were found to grow heavily on raw natural rubbers (in the form of
smoked sheet and pale crepe) and a synthetic isoprene rubber after 9 months of burial.
Of other synthetic polymers, only styrene butadiene rubber supported any significant
growth. Butyl rubber and neoprene rubber contained very small areas of localised
sporulating growth, while nitrile, fluorocarbon and ethylene-propylene rubbers
supported very slight hyphal growth, probably associated with contamination
nutrients on the rubber surface. Tsuchii et a}l6 isolated a Nocardia sp. strain 835A
from soil and found that it grew well on unvulcanised natural rubber and synthetic
isoprene rubber but not on chloroprene, butadiene and styrene-butadiene rubbers.
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After 8 weeks of incubation in liquid medium, 100 % of unvulcanised natural rubber
and synthetic high cis poly ...isoprene (97-98 % cis) were consumed by the
microorganism. Only 50% of a poly-isoprene having a 92-93% cis structure (be a
higher percent of trans structure than natural rubber and synthetic cis polyisoprene)
was degraded, and other synthetic rubbers were hardly attacked by this organism.
They mentioned that the taxonomical results of this strain were very similar to those
of Proactinomyces rubber reported by Nette et al>, which degraded natural rubber by
25.8% in 45 days.
Similar observation was also found with vulcanised rubber polymers. In 1968,
Leeflangv reported the biodeterioration resistance of various rubber rings after
conditioning in the test bath for two years. He found that none of the nitrile, neoprene,
ethylene-propylene and styrene-butadiene rubbers were attacked. All natural rubber
and polyisoprene rubbers were attacked in the long term.
Even with the same base rubber polymer. a change in curing system used can affect
the biodeterioration of NR vulcanisates. Cundell and Mulcock (1976)26 reported that a
dicumyl peroxide cured natural rubber which had carbon to carbon crosslinks (C-C)
was most susceptible and a tetramethylthiuram disulphide sulphurless-cured natural
rubber (where mono and disulphidic crosslinks, C-S-C and C-S-S-C. predominate)
was least susceptible to microbiological deterioration. A conventional sulphur-cured
natural rubber (polysulphide C-SlI-C. X>2) was intermediate in resistance to
microbial attack.
Besides the chemical structure. the molecular weight of rubber polymers also played
an important role in the process of biodeterioration. Acinetobacter sp. 351. isolated
from soil. was found to be able to degrade commercial grade of liquid cis 1,4
polybutadiene (with Mn=650) up to 30% in three days27. This strain was shown to
degrade butadiene polymer with a degree of polymerisation up to about 10, but not
higher oligomers. A soil microorganism known as strain 502SH, isolated by Tsuchii
et aP8. was reported to have the ability of degrading up to 60% of low molecular
weight (Mn=940) synthetic cis-polyisoprene and completely consumed isoprene
oligomers in four days. but hardly affected degraded polymer with an average
molecular weight of 2500 in a liquid medium. A strain of Moraxella of.
microorganism was isolated from soil by Tsuchii et aP9 and found to use 1.4 type of
polybutadiene as sole carbon source. About 40% of the polybutadiene with average
MW of 2350 was degraded and assimilated by the strain in 5 days but polybutadiene
with an average MW of 16100, was hardly degraded at all.
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2.3.2 Additives
Polymer compounds and rubber vulcanisates are generally formulated with additives
such as plasticisers, lubricants, oils, fillers and antidegradants. Vulcanisation
chemicals are only used in rubber and thermosetting polymers. In general, these
additives have a great influence on the deterioration of the final product, in both a
positive and a negative respect.
2.3.2.1 Fillers
i) Function
The main function of a filler is to enhance the properties such as tensile strength,
hardness. abrasion resistance and tear resistance of a product, and often fillers also
reduce the cost.
ii) Effect on biodeterioration
Tsuchii et apo, Williams" and Reszka et aP2 found that the presence of high carbon
black loading enhanced the resistance of natural rubber vulcanisates to
microbiological attack. Tsuchii" also found that reinforcing fillers provided better
protection against microbial attack than that of non-reinforcing fillers.
2.3.2.2 Plasticisers I Softeners and processing aids
i) Function
These are used to increase the flexibility of a product.
ii) Effect on biodeterioration
Polyethylene glycols are sometimes used as process aids in rubber formulations, Cox
and Conway33 reported that cultures (from sewage) developed by using an enrichment
culture technique were capable of degrading polyethylene glycol up to a molecular
weight as high as 4000 but not methoxy-capped polymers of molecular weight 5000
or an unsubstituted polymer of 6000.
Plasticisers used in PVC were found to be susceptible to microbial attack. Diisooctyl
sebacate, diisooctyl adipate and dibutyl sebacate were sensitive to attack by fungi
such as Aspergillus niger, Penicilliun funiculosum, Trichoderma s p., Aspergillus
flavus, Aspergillus versicolor, Pullularia pullulans but not diisooctyl phthalate34,3s.
Diisooctyl phthalate and n-butyl oleate were not degraded by any actinomycete
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isolates (from soil). Triethylene glycol dipelargonate and dibutyl sebacate were
degraded by most of the actinomycete isolates. Dibutyl phthalate and tributyl citrate
were more resistant and only degraded by two of the isolates.» Dioctyl phthalate,
dibutyl phthalate, diethyl phthalate, dimethyl phthalate and phthalic acid could be
rapidly oxidised by Bacillus Megaterium (isolated from soil) without a lag period as
determined by respirornetryr', The loss of plasticiser in a plasticised PVC formulation
would affect its mechanical properties such as tensile strength and hardness",
2.3.2.3 Antidegradants
i) Function
Antidegradants are added to polymer formulations to improve their resistance against
heat, light, oxidation, ozone, microbial attack and other forms of degradation.
ii) Effect on biodeterioration
a) Antioxidants
Simpson" reported that by avoiding the use of extractable or degradable ingredients
and by adding a generous quantity of insoluble antioxidant and chlorinated wax, the
weight losses of natural rubber vulcanisates were reduced under accelerated test
conditions (using BS 2494 procedure).
Using a protective system of chlorinated wax and N,N di(1,4 dimethylpentyl)-p-
phenylenediamine in the same proportion, Simpson" and Hanstveit et. aJ17reported
that after exposing natural rubber vulcanisates to inoculated tap water for two years,
attack was not apparent. ,
Cundell and Mulcock" reported that antioxidants and antiozonants provide protection
to natural rubber rings against biodeterioration. The conclusion was drawn based on
samples of rings collected from the field. Antioxidants were absent or were at a
significantly reduced level in the deteriorated rubber rings. On the other hand,
undeteriorated rubber rings obtained from sewage laterals, contained high levels of
symmetric di-B-naphthyl-p-phenylene-diamine and a dioctyl p-phenylenediamine
antioxidant, although they had been exposed to leaching in the pipe-joints for eight
years ..
b) Biocides
To protect polymer compounds and rubber vulcanisates against microbial attack,
biocides are sometimes incorporated to the formulations. Zyska= cited many
examples of biocides used in plastics and various rubber vulcanisates, the following
are taken from the literature
• 3 % pentachlorophenol, sodium pentachlorophenolate or beta-naphthol were
found to protect rubber against fungi in laboratory tests lasting for more than 28
days".
• Diffusion of 4-8 % of thiuram in rubber compounds was recommended by
Gerashchenko and Prokazova= in the protection of nitrile, ethylene-propylene,
silicone and fluorocarbon rubbers against microbial deterioration.
• 1% copper-8-quinolinolate and 2% tetramethylthiuram disulphide. added to a
vinyl polymer. 2% copper napthenate added to PVC and PVA, 0.5 to 1%
organomercurial added to polystyrene, 15% pentachlorophenol added to
lacquer, 0.25 to 5% phenyl mercuric formate added to nylon, 2%
pentachlorophenol and 1.5% tetramethylthiuram disulphide added to cellulose
nitrate were found to be effective against microbial attack".
2.3.2.4 Vulcanisation chemicals
i) Function
Vulcanisation is a process of convening rubber molecules into a network by the
formation of crosslinks. Vulcanising agents are necessary for the crosslink formation
and they are mostly sulphur or peroxide. In sulphur vulcanisation, the degree of
crosslinking depends on the amount of vulcanisation agents used, their activities and
the reaction (cure) time. The types of crosslinks depend on the quantity and activity of
the other additives used, particularly accelerators and the ratio of accelerators to
sulphur level. These crosslinks can range from mono-sulphidic to polysulphidic.
Crosslin king with organic peroxides is accomplished by free radical reaction. The
curing reaction is normally initiated by heat. For peroxide crosslinking of rubber a
homolytic decomposition is presumed. followed by hydrogen abstraction from the
polymer. The degree of crosslinking depends on the type and amount of peroxide, the
radical yield, and the reactivity of the rubber polymer.
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Accelerators are chemicals in the presence of radical traps such as antioxidants
primarily used to speed up the vulcanisation process. They allow vulcanisation to take
place at a much lower temperature and shorter time.
The results of vulcanisation of rubber molecules are :
• enhancement in mechanical properties such as stress-strain properties, hardness,
tear resistance, abrasion resistance and resistance to compression set
• an improvement in resistance against solvent swelling=
• a reduction in stress relaxation and creep
ii) Effect on biodeterioration
The selection of vulcanising agents was found to be important in affecting the bio-
resistance of natural rubber vulcanisates. Peroxide-cured NR vulcanisates were least
resistant against biological attack, followed by conventional sulphur cured and
tetramethylthiuram disulphide (sulphurless) cured natural rubber=.
2.3.3 Physical factors
2.3.3.1 Thickness
Thickness is an important factor in controlling the rate of biodeterioration of plastics
materials and rubber vulcanisates. ISO 846 recommends use of a specimen less than
0.5mm thick for testing of the biodeterioration resistance of plastics materials against
fungi and bacteria. Recently most of the researchers have used very thin samples to
speed up their investigation work, specimens having thickness from 0.07 to less than
lmm have frequently been employed.
To study the biodeterioration resistance of vulcanised rubber, a sample thickness of
0.6mm was used by Hanstveit et. al17, O.lmm and 0.5mm were used by Tsuchii et
al16, 0.2mm was used by Rook? and 0.07mm was used by Zyska et. al40• However, a
sample thickness of 2mm is specified in BS 2494 (1990) and other researchers'
work39.4S,46 based on similar test procedures developed by Leeflangn •
2.3.3.2 Perimeter
The microbial growth on, and the biodeterioration of plasticised polyvinyl chloride in
mineral salts agar plates are confined mostly to the perimeter of the sample.
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Deterioration of samples of varied shapes, having identical surface areas but unequal
perimeters, was a function of the perimeter>.
2.3.3.3 Surface treatment
Cundell and Mulcock'? cited Hill's personal communication (1970) that natural rubber
samples subjected to surface chlorination showed an improved resistance against
biodeterioration.
2.3.3.4 Surface roughness
Surfaces exert an influence through physical interactions between the organism and
the surface>, Awao et al47 found that fungi grew better on the rough surfaces of the
polyurethanes which had been cut by a knife than on the smooth surface.
2.3.3.5 Pretreatment of samples
Autoclaved samples of polyester type polyurethane were attacked more readily by
Stemphylium sp. than the unautoclaved ones".
2.3.4 Environment
2.3.4.1 Quality of water
Dickenson" suggested that the potable water in Dutch water supply pipes which
contained large amount of mineral salts was free of chlorine; and had high pH values
(in the water due to leaching of alkali from the cement asbestos pipe to the dead space
in contact with the pipe-joint ring) could all favour the growth and development of
Streptomyces which would lead to the higher biodeterioration of NR joint rings
reported by Leeflang'",
2.3.4.2 Temperature
Most microorganisms can develop over a comparatively wide temperature range but
they only begin to grow above a certain critical temperature. The optimum
temperature for reproduction and metabolic reactions is specific for each
microorganism. A further rise in temperature above the optimum leads to a drop in
the rate of growth, until finally a point is reached at which growth stops".
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The rate of leaching of antimicrobial and promicrobial additives is a function of
temperature. An increase in the test temperature may increase the rate of reproduction
of microorganisms but at the same time it may also encourage more leaching of
antimicrobial additives to the system. Hence the optimum temperature for growth of
microorganisms may not necessary be the ideal condition for biodeterioration.
2.3.4.3 pH and permanency of additives
The growth response pattern of microorganisms for pH is different to that of
temperature. It would either have a broad or narrow optimum. The rate of growth of
microorganisms would be slow outside the optimum pH and hence the deterioration
rate of the polymer correspondingly slow', Fungi are considered to be more tolerant
to acidic conditions than bacteria. Bacteria in general grow best under slightly
alkaline conditions.
The pH of the test medium may affect the permanency of antimicrobial additives in a
rubber formulation. The diffusion of antimicrobial additives or promicrobial additives
to the rubber surface or into the test medium may alter the rate of biodeterioration of
samples. Leaching of antimicrobial additives to the sample surface would retard the
rate of biological attack; however it would not alter the rate of biodeterioration if the
diffusion rate were slow. In the case of promicrobial additives. they might be
biodegradable by themselves but once incorporated into the rubber or plastic
formulation. they might not migrate easily out from the polymer matrix to the surface.
For' example actinomycete isolates capable of degrading dibutyl phthalate in an agar
plate test did not cause significant weight loss of DBP-plasticised PVC samples. This
is because DBP does not migrate readily through the formulation under these
conditions and is. therefore. not available for microbial arrack.s
2.3.4.4 Oxygen
The availability of oxygen to microorganisms is of special significance because most
of the biodeterioration of high molecular weight polymers is a consequence of the
attack of aerobic microorganisms such as. fungi and actinomycetes. The lack of
attack on the soil side of joints below the air/liquid interface in sewage is a clear
indication of the absence of oxygen and is a limiting factor to biodeterioration of
rubber compounds."
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2.3.4.5 Ultra-violet light and heat treatment
Without the initial breakdown of the main chain of polyethylene, (by heat aging,
oxidizing or ultra-violet irradiation), it would be very difficult for the process of
biodeterioration to take place. There was no change in the strength of polyethylene
after 16 weeks of soil burial testS3, whereas heat-treated and ultra-violet radiation-
treated polyethylene samples were attacked by pure cultures of Streptomyces
viridosporus T7A, S. badius 252 and S. setonii 75Vi2. and a fungus Phanerochaete
chrysosporidosporusr .
2.3.5. Micro-organisms
2.3.5.1 Microorganism types
Several fungi were isolated and identified by Willlams-! from natural and
polyisoprene rubber polymers during soil burial tests; these included Aspergillus
ustus, A. terreus, A. versicolor, A. niger, A. [umigatus, Pencillium rugulosum, P.
pinophilum, P. variable, P. adametzi , Chaetomium sp., Trichoderma viride and
Paecilomyces sp. A pure culture experiment conducted on natural rubber smoked
sheet incubated with P. variable. It was found that an average weight loss of 13%
was maintained after 56 days of incubation. There was a 15% drop in the viscosity
average molecular weight of samples after 70 days incubation.
Other microorganisms which showed promising capability in degrading raw and
purified natural rubber were Actinomyces elastica, A. fuscus ss Fusarium so/ani,
Metarrhizium anisopliae, Actinomycete strain R6(3), R5(8)S6, S. coelicolor, S .
aurantiacus, S.longisporus ruber, A. oryzae and a Penicillium 57.
Nocardia sp. strain 835 isolated from soil by Tsuchii et. a116, was found to be capable
of consuming 100% of natural and isoprene rubber (97-98% cis 1,4 structure) and
50% of polyisoprene (92-93% cis 1,4 structure) in 8 weeks of incubation in liquid
medium. This strain was found to be very unreactive to butadiene, chloroprene and
styrene butadiene rubbers. When tests were conducted under the same conditions, a
rubber band lost 88% of its, weight, a tyre tubing A lost 56%, tubing B lost 95%, a
rubber stopper lost 30% and a tyre tread type A lost 17% and a tyre tread type B lost
7%.
Neue et al.24 reported that bacteria, fungi and actinomycetes can grow on rubber under
humid conditions. Rubber was actively destroyed by three isolates of actinomycetes,
bacteria were less active, while fungi such as A. niger, A. fumigatus, Penicillium
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cyclopum, Trichoderma sp. did not decompose rubber hydrocarbon, but presumably
grew at the expense of other organic compounds contained in the rubber.
2.3.5.2 Pure and mixed cultures
Experiments which were conducted on biocide-free plasticised polyvinyl chloride
films demonstrated that the weight losses caused by a mixture of six fungi
(Aspergillus niger, Penicilliun [uniculosum; Trichoderma sp., Aspergillus flavus,
Aspergillus versicolor, Pu//u/aria pu//u/ans) were not substantially greater than those
effected by single cultures of three of the fungi in the mixture (Aspergillus niger,
Penictlliun funiculosum, Trichoderma sp.). These weight losses are related to
degradation of plasticiser in the film",
Interlaboratory studiesss,S9, itwas recommended the use of a mixed cultures instead of
a single culture for testing of microbial susceptibility of plastics. When biocide
treated samples were tested in the same manner, single inocula caused preferential
deterioration of formulations depending on the efficacy of the biocide. Klausmeier"
concluded therefore that it was not advisable to use pure culture techniques when
ingredients having possible biocidal activities were included in the formulations.
Different cultures have different susceptibilities to biocides and single culture tests
can yield quite erroneous results.
2.3.5.3 Effect of enzyme type on biodeterioration of polymer
The effect of enzyme type on biodeterioration of polymer was reported by Wales and
Sagar=. Separation of crude laboratory esterase preparations from C. g/obosum R.
stolonifier and T. viride produced only single peaks of esterase activity. Separation of
crude esterase from A. tereus, however, resulted in two esterase peaks and a third
protein peak. These results indicate that the complexity of enzymatic breakdown of
polymer (in this case polyurethanes) varies from one micro-organism to another. If
the attack is by an endo-acting esterase, it would have an effect on the degree of
polymerisation by cleaving bonds randomly along the polymer chain which results in
appreciable loss in tensile strength but relatively little concomitant weight loss, in
contrast to the action of an exo-esterase, which removes successive monomer units
from the chain ends, resulting in a disproportionate weight loss relative to the effect
on tensile strength.
The biodeterioration of rubber hydrocarbon requires the presence of a suitable
enzyme system. This acts outside the cell or at the cell membrane surface. It would
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appear that enzymic attack could proceed with possibly the lower molecular weight
fragments being utilised more rapidly. Potts et aIlS reported that microorganisms
grew better on low molecular weight polyethylene resins and hydrocarbons.
Basically, many synthetic rubbers are structurally different from natural rubber and
hence might not be able to be metabolised by the same enzyme that is responsible for
the breaking down of natural rubber polymer.
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Chapter 3 . Materials and general methods
3.1.1 Microorganisms
3.1.1.1 Fungi
Aspergillus niger
Penicillium funiculosum
Paecilomyces variotii
Trichoderma viride
Aureobasidium pullulans
The fungi were supplied by the International Mycological Institute, Kew, Surrey.
3.1.1.2 Actinomycetes
Streptomyces lipmanii
Nocardia asteroides
Nocardia sp.(R315)
Nocardia sp.(S40)
The actinomycetes were supplied by the National Collection of Industrial and Marine
3.1 Materials
Bacteria Ltd, Aberdeen Scotland.
3.1.2 Stock culture
3.1.2.1 Fungi
IMI045551
IMI114933
IMI040025
IMI045553
IMI045554
NCIMB 9841
NCIMB 12082
NCIMB 12811
NCIMB 12814
The test strains were maintained on potato dextrose agar slants. The stock cultures
were kept for not more than four months at 4°C.
3.1.2.2 Actinomycetes
Nocardia sp NCIMB 12811 was maintained on nutrient agar slants, whilst
Streptomyces lipmanii NCIMB 9841, Nocardia asteroide NCIMB 12082 and
Nocardia sp 12814 were maintained on 1% glucose nutrient agar slants. All these
cultures were stored at 4°C and sub-cultured every 5 to 6 weeks onto fresh medium.
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3.1.3 Subculturing
3.1.3.1 Fungi
Two to 3 ml of sterilised deionised water were introduced to an agar slant. The spores
on the surface of the agar slant were released into the water by gently scraping with a
flamed Ni-Cr wire loop. The spore suspension was then transferred and distributed
onto a fresh media of potato dextrose agar slant in a one litre culture flask. The
cultures were incubated at 28 ± 2°C for 14 days.
3.1.3.2 Actinomycetes
i) Streptomyces sp.
The microorganisms were transferred with a flamed Ni-Cr wire loop from the agar
slant to a 10ml sterilised 1% glucose nutrient broth and incubated at 28 ± 2°C for two
to three days. The broth culture was then used as seed for further subculturing onto a
nutrient agar slope in a one litre culture flask at 28 ± 2°C for five to seven days before
use.
ii) Nocardia sp.
A loop full of Nocardia sp., culture was transferred aseptically from the agar slants
into 10 ml of culture broth. 1% glucose nutrient broth was used to subculture
Nocardia asteriodes NCIMB 12082 and Nocardia sp NCIMB 12814. Nutrient broth
was used to subculture Nocardia sp NCIMB 12811. The inoculated broth was
allowed to incubate at 28 ± 2°C for 48 hours before storing at 4°C. This broth culture
was used as seed for further subculturing and it is recommended that it should be
used within two weeks after incubation. 10ml of seed culture were transferred
aseptically to 50 ml of sterilised culture broth. The inoculated culture broth was
incubated in an orbital incubator at a shaking speed of 110 rpm, 28 ± 2°C for 24
hours. This broth culture was re-transferred to 200ml of sterilised medium aseptically.
The inoculated broth was again incubated under a similar conditions for another 24
hours and was ready for use in the preparation of a test inoculum.
3.1.4 Chemicals
All chemicals used were of standard laboratory reagent (SLR) grade. They were
supplied either by BDH, Merck Ltd, Poole, Dorset or Fisons Scientific Equipment,
Loughborough, Leicestershire. Cycloheximide was supplied by Sigma Chemical
Company Ltd, Poole Dorset.
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3.1.5 Non defined media
i) Nutrient broth (Oxoid CM 1)
ii) Nutrient agar (Oxoid CM 3)
iii) Potato dextrose agar (Oxoid CM 139)
The media used for maintaining and subculturing of microorganisms were supplied
by Oxoid Ltd., Basingstoke, Hampshire.
3.1.6 Solutions and chemically defined media for tests of fungi
3.1.6.1 Chemically defined medium 1
This was used in the preparation of solid media.
Sodium nitrate
Potassium dihydrogen orthophosphate
Potassium monohydrogen orthophosphate
Potassium chloride
Magnesium sulphate heptahydrate
Iron (II) sulphate heptahydrate
Deionised water
2.0g
0.7g
0.3 g
0.5g
0.5 g
0.01 g
1.01
pH of the solution was adjusted to 6.0 ± 0.2 by the addition of 4M NaOH.
i) Incomplete agar medium
20 g of agar was added to 1 litre of medium 1.
ii) Complete agar medium
30 g of glucose was added to 1 litre of incomplete agar
3.1.6.2 Chemically defined medium 2
This was used in dynamic and static tests with and without the presence of glucose.
Ammonium nitrate
LOg
0.7g
1.0 g
0.OO5g
Potassium dihydrogen orthophosphate
Magnesium sulphate heptahydrate
Sodium chloride
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Iron(II) sulphateheptahydrate
Manganoussulphatetetrahydrate
Zincsulphateheptahydrate
Deionisedwater
0.002g
0.001 g
0.002g
1.0 I
pH of the solution was adjusted to 6.0 ± 0.2 by the addition of 4M NaOH.
3.1.6.3 Fungal spore suspension
15 ml of sterilised deionised water or a sterilised solution containing 0.1 gil of Tween
80 (sorbitan monooleate poly-oxyethylene) wetting agent was introduced to a
subculture aseptically. The surface of the fruiting culture was gently scraped with a
sterilised glass rod to dislodge the spores from the surface. The same procedure was
repeated twice with the same culture. The spore suspension was poured into a 100ml
bottle containing 15 ml of sterilised water and 30 solid glass beads, of a diameter
4mm. The bottle was shaken vigorously to liberate the spores from the fruiting
bodies and to break the spore clumps. The shaken suspension was filtered through a
thin layer of sterilised glass wool to a sterilised 125 ml conical flask in order to
remove mycelial fragments. The filtered spore suspension was centrifuged at a speed
of 5000 rpm for 15 minutes and the supernatant solution was discarded. The
procedure was repeated twice. Finally the residue was suspended in 50ml of CDM 1
either with or without glucose. The concentration of spores was adjusted to about 1()6
per m1 of medium as determined with a counting chamber or by turbidimetry. The
spore suspension was kept in a refrigerator set at 4°C.
3.1.7 Solutions and chemically defined media for tests of
actinomycetes
3.1.7.1 Chemically defined media 3,4 and 5
CDM 3 was used in dynamic (with or without glucose) and all the static tests unless
otherwise specified. CDM 3, CDM 4 and CDM 5 were used in the study of the effect
of pH on biodeterioration of rubbers.
CDM3 CMD4 CDM5
Potassiumdihydrogenphosphate 0.7g 0.7 g
Potassiummonohydrogenphosphate 0.7 g 0.14g
Sodiumdihydrogenphosphate 0.08g
Sodiummonohydrogenphosphate
1.3 g
Magnesiumsulphateheptahydrate 0.7g 0.7 g 0.7g
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Ammonium nitrate
LOg LOg 1.0 g
Sodium chloride
0.005 g 0.005 g 0.005 g
Iron (II) sulphate heptahydrate
0.002 g 0.002 g 0.002 g
Zinc sulphate heptahydrate
0.002 g 0.002 g 0.002 g
Manganese sulphate tetrahydrate
0.001 g 0.001 g 0.001 g
Deionised water
1.01 1.01 1.01
The pH's of the CDM 3, CDM 4 and CDM 5 were adjusted to approximately 7.0 ±
0.1 7.5 ± 0.1 and 8.0 ± 0.1 respectively by the addition of NaOH (4M).
3.1.7.2 Saline solution
1 saline tablet was allowed to dissolve in 500 ml of deionised water to obtain a 0.85
% (w/v) normal saline solution.
3.1.7.3 Ringer's solution (1/4 strength)
Sodium chloride
Potassium chloride
Calcium chloride • 6H20
Sodium bicarbonate
pH
2.25 g
0.105 g
0.12g
0.05 g
7.0
3.1.7.4 Streptomyces spore suspension
The procedure used for the preparation of Streptomyces spore suspension was similar
to that used in the preparation of fungal spore suspension.
i) the culture was grown in a one litre culture flask,
ii) two culture flasks were required for each experiment,
and
iii) the concentration was determined by turbidimetry and adjusted to 1()6
CFU (colony forming units) per ml of medium.
3.1.7.5 Cell suspension of Nocardia
260 ml of subculture prepared according to 3.1.3.2: ii) was centrifuged at a speed of
4000 rpm for 15 minutes. The supernanant liquid was discarded. The pellet was
resuspended in 100 ml of sterilised saline solution (0.8% NaCI). The cell suspension
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was centrifuged again and the supernanant liquid was discarded. The washing
procedure was repeated twice and finally the pellet was suspended in sterilised
chemically defined medium 3. The concentration of the cell suspension was adjusted
to 107 CFU per ml of medium (colony forming units per ml of medium) measured by
turbidimetry .
3.2 General methods
3.2.1 Sterilisation conditions
All media and solutions were sterilised by autoclaving at 121°C for 15 minutes at a
steam pressure of 15 lb/sq in.
3.2.2 Estimating microorganism numbers
3.2.2.1 Turbidity (optical density) measurement
Turbidity (optical density) measurements were carried out on a Pye Unicam SP 600
Series 2 ultra-violet/visible spectrophotometer. This is an indirect method of
measuring the population of spores or cells. The amount of monochromatic light lost
(largely by scattering) in passing through a sample liquid is measured by a photo cell.
The data are being presented as the fraction of scattered light or as specular
transmittance. The intensity of transmitted radiation is compared with the clear liquid
to give a measurement of turbidity known as optical density. In all the measurements,
the wavelength of the machine was set at 650nm. The O.D. readings were used to
construct calibration curves against either total or viable count.
3.2.2.2 Total count
The measurement represents the total number of microorganisms in a known volume
of media. It does not distinguish between living and dead microorganisms or other
particulate matter.
i) Coulter counter
The Coulter Counter TA II/PCA 1 determines the number and size of particles
suspended in an electrically conductive liquid, by forcing the suspension to flow
through a small aperture having an immersed electrode on either side. As a particle
passes through the aperture, it changes the resistance between the electrodes. This
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produces a voltage pulse of short duration having a magnitude proportional to particle
size. The series of pulses is then electronically scaled and counted= .
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Figure 1: Schematic diagram of Coulter counter
1 ml of spore suspension was added to a beaker containing 150 to 200 ml of 1%
saline solution. The electrodes and stirrer assembly were lowered into the diluted
spore suspension. The system was allowed to mix for a few minutes before taking
measurements. At least three runs excluding the blank were taken for each sample.
The aperture used depends on the size of the spore. Two sets of aperture with
diameter of 30 and 60 micronmetre were used. At the end of the experiment, the data
were analysed by computer. The results were expressed as number of spores per ml of
the original culture.
ii) Helber counting chamber
The Helber counting chamber is a slide 2-3 mm thick with an area in the centre called
the platform which is surrounded by a ditch, and is 0.02 mm lower than the rest of the
slide. The top of the slide is grounded so that when an optically flat plane cover glass
is placed over the centre depression, the depth is uniform. On the platform an area of
1 mm- is ruled so that there are 400 small squares each 25x 10.4 mm- in area. The
volume over each small square is 0.02xO.0025 mm".
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~ Ruled area on
~ platform
Fluid herec;::::::fa=:=:= Cover glass
I
Figure 2 : Helber counting chamber (depth is exaggerated)
A drop of spore suspension was introduced onto the centre of the chamber platform
before a cover slip was placed on it. Care was taken to ensure the platform of the
chamber was filled without flooding the ditch. The assembly was then placed on the
microscope platform. The number of spores in each square was counted and the
results were expressed as an average number of spore per ml of original culture.
3.2.2.3 Viable count
The viable count of cells makes the assumption that every colony formed after
incubation represents a single cell. In practice, the separation of a cell from clumps of
bacteria may not be complete and the estimated number is consequently lower than
the actual viable numbers present.
i) Milesand Misra techniques
Samples of cell suspension with different optical densities were prepared. 1ml of cell
suspension was drawn from one of the samples with a precision pipette and dispensed
into a dilution tube containing 9 ml of quarter strength Ringer's solution. The
suspension was allowed to mix thoroughly. 1ml of the IQ-I dilution sample was then
transferred to another 9 ml of quarter strength Ringer's solution. This formed the 10-2
dilution sample. The same stages were repeated to obtain another 6 diluted samples
with concentrations of lQ-3, 1(}4,lQ-s, lQ-6, lQ-7 and IQ-a ml of original cell suspension
per ml of 1/4 strength Ringer's solution. The above procedures were repeated for
samples with different optical densities. The last four diluted cell suspension samples
from each optical density (selection of the required samples based on experience)
were used for plating. The nutrient agar plates were predried at 37°C for 20 minutes
before plating. The back of each plate was marked into three positions. 50 micro-litre
of diluted cell suspension was drawn and dispensed through a precision pipette onto
one of the positions of the plate. The procedure was repeated for the rest of the
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positions and samples of various optical densities. The plates were incubated at 30°C
for actinomycetes. The duration for incubation for bacteria is around 36 hours. The
results were computed as cell or colony forming units per ml and the data were then
plotted against optical density",
3.2.3 Preparation of rubber compounds
2 mm thick compression-moulded sheet samples were supplied by Victaulic
Industrial Polymers and Hepworth Building Products. Formulations used in the
preparation of samples can be found in the Appendix 1. Unvulcanised compounds of
EPDM and NBR were provided by Victaulic Industrial Polymers for the preparation
of 0.35 mm thick sheet samples. Unvulcanised NR and SBR compounds were mixed
and milled at LUT. Compression moulding of all the 0.35 mm thick sheet samples
was also done at LUT. Mixing of rubber compounds was carried out in a 2 litre
capacity Banbury internal mixer with a rotor speed of 60 rpm and temperature of
60°C. The compound from the internal mixer after discharging was converted into a
sheet of 2 to 3mm by passing it through a two roll mill. The cure schedule used in
moulding of samples was determined by Monsanto Rheometer lOOS. The cure
schedules to achieve a 95 % of cure at 150°C were employed for NR, SBR and NBR
and 160°C for ES and EP compounds. Compression moulding of 0.35mm thick sheet
samples were carried out by using two square frames of PET film as spacers between
two flat steel plates. The dimension of the moulded sheets were approximately
1l0mmxllOmmxO.35 mm. Rectangular strips were cut from the sheets and these
were 12.5mmx40mmxO.35mm in dimension. Washer shaped specimens were cut
from 2mm thick compression-moulded sheets. The internal diameter and radial width
of the washer were approximately 9.5 mm and 2.0 mm respectively.
3.2.4 Conditioning and weighing of samples
Samples used in the experimental programme were predried in a desiccator
containing silica gel under ambient conditions for a week. Samples after exposure to
'biologically active' water were ultrasonically cleaned for 2 minutes. The samples
were then air dried for 24 hours before further drying in a desiccator for at least 4
weeks or to constant weight. Weighing was to an accuracy of ± O.OOOOlg.
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Chapter 4 :Experimentation and results
4.1 Solid media (~gar plate technique)
4.1.1 Test for rubber I fungus systems
Sixty ml of sterilised molten agar based on the complete agar of COM 1 was poured
into a 90 mm petri dish to give a depth of about 6 to 8 mm. It was allowed to solidify.
The samples of pre-dried and weighed 2 mm washers of NR, SBR, ES, EP and NBR
compounds were then placed on the solidified agar surface. Special care was taken to
avoid the samples touching one another or the edge of the dish. The agar surface and
the samples were then_Inoculate~: by spraying a uniform layer of spore suspension
through a sterilised atomiser. A similar procedure was carried out on the samples
placed on the incomplete agar of COM 1 plates. The control samples were placed on a
pure agar plate without inoculating with spore suspension. All the plates were placed
in a drum shaped chamber. The relative humidity (RH) of the chamber was adjusted
to 85 %. The assemblies were then placed in a static incubator with a temperature
preset at 28 ± 2°C. Observations were made at 1, 2 and 4 week intervals. Samples
were taken out from the chamber after four weeks of incubation. They were washed
with tap water and dried at room temperature in a desiccator to constant weight. The
weight loss of sample was determined. A pure cultures of Aspergillus niger IMI
045551 was used in the test.
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4.1.1.1 Weight change measurement
i) Washer shaped samples
Sample Gross weight loss (%) Net weight loss (%)
NR-CA -0.105 ± 0.095 -0.413
NR-IA 0.271 ± 0.122 -0.037
NR-CTRL 0.308 ± 0.060
SBR-CA 0.159 ± 0.121 0.057
SBR-IA 0.392 ± 0.237 0.290
SBR-CTRL 0.102 ± 0.092
ES-CA 0.309 ± 0.075 -0.051
ES-IA 0.179 ± 0.281 -0.181
ES-CfRL 0.360 ± 0.220
EP-CA 0.078 ± 0.169 -0.019
EP-IA 0.030 ± 0.650 -0.067
EP-CfRL 0.097 ± 0.067
NBR-CA 0.474 ± 0.100 0.078
NBR-IA 0.475 ± 0.118 0.079
NBR-CTRL 0.396 ± 0.036
Where
. _ Initial weight - Final weight
Gross weight loss (%) - Initial weight x 100%
Net weight loss (%) = Gross weight loss of sample (%) - Gross weight to loss of
control sample (%)
+ indicates weight loss
-indictes weight gain
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ii) Button shaped samples
Sample Gross weight loss (%) Net weight loss (%)
NR-CA 0.250 ± 0.205 0.101
NR-IA 0.200 ± 0.309 0.051
NR-CTRL 0.149 ± 0.130
SBR-CA 0.245 ± 0.163 0.095
SBR-IA 0.177 ± 0.137 0.027
SBR-CTRL 0.150 ± 0.103
ES-CA 0.331 ± 0.162 -0.115
ES-IA 0.094 ± 0.082 -0.352
ES-CTRL 0.446 ± 0.032
EP-CA 0.096 ± 0.033 0.057
EP-IA 0.078 ± 0.122 0.039
EP-CTRL 0.039 ± 0.135
NBR-CA 0.625 ± 0.058 0.352
NBR-IA 0.292 ± 0.252 0.019
NBR-CTRL 0.273 ± 0.129
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4.1.1.2 Observations
i) Complete agar medium
Sample
NR
1 week incubation
Heavy growth of light
brownish filamentous fungi
on the surface of agar plate.
Clear zone of inhibition
formed around samples.
ES Only 30-40% of the agar
plate was covered by light
brown filamentous fungi. No
clear zone of inhibition
formed around the samples.
EP Heavy growth of dark brown
fungi on the surface of the
agar plate. Majority of fungi
sporulated. No clear zone of
inhibition was formed
around the edge of the
samples.
NBR Slight growth of light brown
filamenmentous fungi near
the edge of the agar plate.
The coverage was less than
5%.
SBR The developments of fungi
on the surface of the samples
and the agar plate was
similar to that of NR
samples except that the size
of the zone of inhibition was
very much reduced.
1 weeks incubation
Majority of fungi sporulated.
Their colour became dark
brown. No change in size of
inhibition zone.
The entire surface of agar
plate was covered by dark
brown filamentous fungi.
No major change in the
appearance except an
increase in the density of
fungi. Black spores were ':
found on the surface of
samples.
The growth of filamentous
fungi started from the edge
and slowly move towards the
centre. The extent of growth
was heavier near the edge
than the centre.
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4 weeks incubation
No major change in
appearance of fungi. No
growth was found on the
surface of samples.
Majority of fungi sporulated.
Their colour was dark
brown. No growth was
found on the surface of
samples.
No major change in the
appearance of fungi.Black
spores' were found on the
surface of the samples.
Majority of fungi sporulated
and the colour became dark
brown. The density of
growth was higher at the
edge than the centre. No
growth was found on the
surface of samples.
ij) Incomplete agar medium
Sample 1 week incubation 2 weeks incubation 4 weeks incubation
NR No growth of fungi was Slight growth of fungi in the Besides the comers, a few
found on the agar plate. form of black spores was patches were also found in
found at the comers of the the centre of the agar plate.
plate. The density of growth was
low and no growth was
found on the surface of
samples.
EP Moderate growth of fungi on No major change in the No major change in the
the surface of the agar plate. appearance of spores. appearance of spores. Black
They were in the form of spores were found on the
black spores. surface of samples.
NBR No growth was found on the Moderate growth of fungi No major change in
surface of the agar plate. was found on the surface of appearance of spores. No
agar plate. These were in the growth was found on the
form of black spores. The surface of samples.
extent of growth was higher
at locations near the edge
than the centre.
SBR&ES The developments of fungi
on the surface of the samples
and the agar plate was
similar to that of NR
samples.
iii) Control medium
No growth of fungi was found on the surface of any of the agar plates and rubber
samples.
4.2 Liquid media
4.2.1 Test for rubber I fungus systems
4.2.1.1 Dynamic test A1
5 pieces each of predried and weighed 2 mm thick washer and button shaped samples
of NR, SBR, ES, EP and NBR compounds were washed twice with " sterile,
deionised water before being introduced aseptically into a 250 ml conical flask
containing 50 ml of media COM 2 with a low (0.5%) or a high (3%) content of
glucose. Duplicate samples of evaluation and control were used. Control samples
were placed in sterile deionised water. All the flasks were placed in a Gallenkamp
orbital incubator. The conditions of the incubator were preset at 160 rpm, 28 ± 2°C.
Samples were allowed to incubate for 4 weeks. Dry weights of biomass and weight
losses of samples were determined. A pure culture of A. niger was used in this test
30
i) Weight change measurement
a) Washer shaped samples
Sample Gross Weight Loss (%) Net weight Loss (%)
NR-O.5% 0.594 ± 0.051 0.312
NR-3.0% 0.779 ± 0.038 0.497
NR-CTRL 0.282 ± 0.041
SBR-0.5% 0.901 ± 0.069 0.215
SBR-3.0% 1.247 ± 0.019 0.561
SBR-CfRL 0.686 ± 0.134
ES-O.5% 0.083 ± 0.049 0.039
ES-3.0% 0.035 ± 0.050 -0.009
ES-CTRL 0.044 ± 0.094
EP-O.5% 0.469 ± 0.018 0.295
EP-3.0% 0.414 ± 0.169 0.240
EP-CTRL 0.174 ± 0.077
NBR-0.5% 1.336 ± 0.086 1.201
NBR-3.0% 1.481 ± 0.261 1.346
NBR-CfRL 0.135 ± 0.091
b) Button shaped samples
Sample Gross Weight Loss (%) Net weight Loss (%)
NR-0.5% 0.580 ± 0.011 0.212
NR-3.0% 0.755 ± 0.052 0.388
NR-CTRL 0.367 ± 0.091
SBR-O.S% 0.678 ± 0.106 0.156
SBR-3.0% 1.066 ± 0.242 0.544
SBR-crRL 0.522 ± 0.091
ES-O.5% 0.099 ± 0.073 0.016
ES-3.0% 0.110 ± 0.057 0.027
ES-CTRL 0.083 ± 0.053
EP-O.5% 0.295 ± 0.081 0.170
EP-3.0% 0.292 ± 0.020 0.167
EP-CTRL 0.12S ± 0.OS7
NBR-0.5% 1.119 ± 0.069 0.981
NBR-3.0% 1.125 ± 0.047 0.987
NBR-CfRL 0.138 ± 0.143
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c) Biomass determination
Sample
NR-O.5%
NR-3.0%
SBR-0.5%
SBR-3.0%
ES-O.5%
ES-3.0%
EP-O.5%
EP-3.0%
NBR-0.5%
NBR-3.0%
Glucose-3.0%
Biomass (mg)
52.15 ± 3.32
358.00 ± 47.23
54.80 ± 3.39
315.05 ± 20.01
43.45 ± 4.60
297.70 ± 10.32
41.85 ± 5.44
212.80 ± 7.21
22.90 ± 5.94
16.65 ± 0.92
298.40·
Remlik: ·on1y one sunple was used
4.2.1.2 Dynamic test A2
This procedure was similar to Dynamic test A 1 except that
i) no glucose was added,
ii) only one washer sample was used,
iii) the volume of media was increased to 100 ml,
iv) the media was changed and reinoculated every 4 weeks
and
v) the total incubation time was increased from 4 to 12 weeks.
Control samples were incubated under similar conditions except with frequent adding
of . sterile r deionised water to compensate for losses through evaporation. The
C~_'.' _ _"__ '''_···'.J •
weight change of samples was determined. A pure cultures of A. niger were tested.
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i) Weight change measurement
Sample Gross weight loss (%)
NR-EVALN 1.470 ± 0.073
NR-CI'RL 0.977 ± 0.057
SBR-EVALN 1.558 t 0.303
SBR-CI'RL 1.042 t 0.014
ES-EVALN 0.710 ± 0.127
ES-CTRL 0.465 ± 0.035
EP-EVALN 0.178 t 0.104
EP-CTRL 0.117 t 0.015
NBR-EVALN 2.636 ± 0.483
NBR-CTRL 1.231 ± 0.376
4.2.1.3 Static test B1
Net weight loss (%)
0.493
0.516
0.245
0.062
1.404
The testing procedure and media used were similar to those of the dynamic test A2
except that the samples were incubated under static conditions for 12 weeks and the
media was changed and reinoculated after 6 weeks of incubation. A pure culture of
A. niger was used. This test procedure also determined the biodeterioability of NR,
SBR, ES, EP and NBR compounds over 12 weeks of exposure to CDM 2 :iinoculated
with one of the following: Trichoderma viride IMI 045553, Paecilomyces variotii
1M! 040025, Aureobasidium pullulans IMI 045554 or Penicillium funiculosum 1MI
114933.
i) Weight change measurement
a) Average gross weight loss (%)
Microorganism
Sample AN AP TV PV PF CTRL
NR 1.828 0.951 1.205 1.607 1.627 0.507
to.026 to.060 to.032 t 0.018 to.Oll ±O.Oll
SBR 2.242 0.692 0.912 2.457 2.476 0.408
so.iss ±0.047 to.OS7 to.049 ± 0.111 ±0.024
ES 0.887 0.731 0.897 0.933 0.921 0.360
to.022 t 0.010 to.027 to.OO8 to.OO7 to.023
EP 0.271 0.083 0.170 0.275 0.274 -0.006
to.012 to.02S ±0.08S ±0.02S ±0.028 to.018
NBR 2.932 1.863 1.923 2.540 3.049 0.765
±0.738 to.050 ±0.052 ± 0.321 ±0.070 ±0.05S
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b) Average net weight loss (%)
Microorganism
Sample AN AP TV PV PF
NR 1.321 0.444 0.698 1.100 1.120
SBR 1.834i' 0.284 0.504 2.049 2.068
ES 0.527 0.371 0.537 0.573 0.561
EP 0.277 0.089 0.176 0.281 0.280
NBR 2.167 1.098 1.158 1.77S 2.284
4.2.1.4 Static (B1) versus dynamic (A2) test
i) Microorganism: A. niger
a) Average gross and net weight losses(%)
Static Dynamic (160 rpm)
Sample E·GWL C·GWL E·NWL E·GWL C·GWL E·NWL
(%) (%) (%) (%) (%) (%)
NR 1.828 0.507 1.321 1.470 0.977 0.493
±0.026 ± 0.011 ±0.073 ±0.057
SBR 2.242 0.408 1.834 1.558 1.042 0.516
±0.IS3 ± 0.024 ±0.303 ±0.014
ES 0.887 0.360 0.527 0.710 0.465 0.245
±0.022 ± 0.023 ±0.127 ±0.03S
EP 0.271 ·0.006 0.277 0.178 0.117 0.061
±0.012 ± 0.018 ± 0.104 ±O.OIS
NBR 2.932 0.765 2.167 2.636 1.231 1.405
±0.737 ±0.055 ± 0.483 ±0.375
4.2.2 Test for rubber I actinomycetes systems
4.2.2.1 Dynamic test C1
A predried and preweighed (about ~.15g) washer sample of NR compound was
washed twice with , .sterile deionised water before being added aseptically to a 250
ml conical flask. It contained 50 ml of inoculated test medium (COM 3 with a carbon
to nitrogen ratio of 10:1) The flask was then placed in a Gallenkamp orbital incubator
preset at 160 rpm, 28 ± 2°e. The control sample was conditioned in ' 'sterile
deionised water and incubated under similar conditions. Duplicate samples for
evaluation and control experiments were used. The majority of samples were found
to be contaminated with filamentous fungi. The experiment was stopped and no
further examination was carried out on rubber samples.
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i) Weight change measurement
Remark: Due to contamination of media by filamentous fungi. the experiment was
stopped after a week of incubation and no weight change measurement
was made.
4.2.2.2 Dynamic test C2
The testing procedure was similar to that of the Dynamic test Cl, except all the
rubber samples were immersed in 70 % ethanol for 2 minutes to disinfect the surface
before being aseptically transferred either to test medium CDM 3 with a C/N of 10:1
or the same medium with a C/N ratio of 0: 1. Triplicate samples of NR and SBR
compounds were being used in this experiment. Control samples were conditioned in
sterile: deionised water and incubated under similar conditions. The experiment
was stopped after 6 weeks of incubation. The weight change of samples at the end the
incubation period was determined.
i) Weight change measurement
Remark: Due to contamination of media by filamentous fungi, the experiment was
stopped after 6 weeks of incubation and no weight change measurement
was made.
4.2.2.3 Dynamic test C3
i) Test procedure
Surface cleaning of rubber compounds with 70% ethanol did not overcome the
contamination problem. Filamentous fungi were found in 2 of the flasks containing
CDM 3 with a C/N of 10:1 (10 parts of glucose to 1 part of ammonium nitrate). To
overcome the problem, an experiment was carried out to determine the minimium
concentration of cycloheximide required to control contamination of media by fungi
spores. It was found that 0.1 gil of cycloheximide would not affect the growth of S.
lipmanil and would stop traces of spores (up to approximately 150 spores) from
propagating.
The test procedure used in Dynamic test C3 was similar to that of the Dynamic test
C2 except that:
a) no glucose was added
b) 0.1 gil of cycloheximide was introduced
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c) volume of the medium was increased from 50 to lOOml
d) 2 washer and 1 button shaped samples of NR and SBR compounds were
used(approximately 4.5g1l).
Total incubation time was 2 months.
ii) Determination of minimum inhibition concentration (MIC) of cycloheximide
Solutions of cycloheximide with concentrations of 10-1, 10-2, 10-3, 10-4, 10-S gil were
prepared in CDM 3. These solutions were then inoculated separately with S. Lipmanii
and A. niger. The concentrations of S. lipmanii and A.niger used were 10' and 102
spores/ml respectively. The samples were incubated at 28 ± 2°C under static
conditions for a week before observation was made and the minimum concentration
of cycloheximide against contamination by spores of A. niger was determined.
Concn or cycloheximide Growth or filamentous
(glm!) rungi
10-3 eve
10-4 eve
lO-S +ve
10~ +ve
10-7 +ve
The minimium inhibition concentration of cycloheximide against A. niger IMI
045551 (the concentration used was approximately 150 spores per litre of medium)
was >lO-s gil and xl O'' gil. There was no inhibition of the growth of S.lipmanii
NCIMB 9841 (the concentration of inoculum used was approximately 107 CFU per
litre of medium) by cycloheximide at any level.
ii) Weight change measurement
Remark: No weight change measurement was taken.
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iii) Observations
Sample
NR
1 wk of incubation
A few tiny flake like
colonies suspended in the
light yellow clear medium.
Some white
microorganisms, compact
in structure colonised the
surface of the rubber
samples. Some chalk like
colonies (in pellicle form)
were found at the air-liquid
interface.
2 wks of incubation
No major change in the
appearance of
microorganisms except that
the colour of the test
medium became slightly
turbid.
4 wks of incubation
No major change in the
appearance of
microorganisms and the
colour of the test medium.
SBR The development of
microorganisms on the
surface of the rubber
samples and in the test
medium were similar to that
of NR samples except that
the colour of the test
medium remained
unchanged after 4 weeks of
incubation.
4.2.2.4 Dynamic test C4
In this experiment, only one washer sample of the NR, SBR, ESt EP and NBR
compounds per 200 ml of liquid media in a 500 ml conical flask was used. The test
medium used was CDM 3 with O.Ig/l of cycloheximide. The shaking speed and
temperature were set at 110 rpm and 28 ± 2°C. Sample surfaces were wiped with
acetone to remove any bloomed wax before storage in desiccator for a week.
Weighing of samples was carried out after drying. The pre-dried and pre-weighed
samples were washed with sterile deionised water before being transferred
aseptically to the inoculated liquid media. The concentration of inoculum used was
107 CFU/ml. The test medium was changed and reinoculated every two weeks. At
the end of 12 weeks of incubation, samples were cleaned ultrasonically and dried to
constant weight.
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i) Weight change measurement
Sample Gross weight loss (%) Net weight loss (%)
NR-EVALN 1.272 ± 0.024 0.033
NR-CTRL 1.239 ± 0.039
SBR-EVALN 1.332 ± 0.116 -0.099
SBR-CfRL 1.431 ± 0.013
ES-EVALN 0.034 ± 0.009 -0.501
ES-CTRL 0.535 ± 0.035
EP-EVALN 0.023 ± 0.025 -0.038
EP-CfRL 0.061 ± 0.012
NBR-EVALN 2.438 ± 0.236 0.418
NBR-CTRL 2.020 ± 0.085
ii) Comparison between weight lossesof control samples pre-cleanedwith
acetone and deionised water
Gross weight loss (%)
Sample Acetone cleaned Deionised water cleaned
NR 1.239 ± 0.039 1.047 ± 0.042
SBR' 1.431 ± 0.013 0.980 ± 0.019
ES 0.535 ± 0.035 0.512 ± 0.035
EP 0.061 ± 0.012 0.004 ± 0.020
NBR 2.020 ± 0.085 1.144 ± 0.033
The cleaning of wax from the surface of rubber samples affected the diffusibility of
the rubber additives in the compounds and reduced the organic nutrient for the growth
of microorganisms and hence the test results. This process was not used in the
subsequent tests.
4.2.2.5 Dynamic test C5
The test procedure was similar to that used in the dynamic test C4 except samples
were not cleaned with any solvent. They were washed with . sterile: deionised water
twice. This test procedure was used in a subsequent experiment for test of rubber I
nocardia system.
38
i) Weight change measurement
Refer to section 4.3.1.1 on "Effect of shaking speed".
ii) Observations
The extent of growth of microorganisms on the surface of the rubber was documented
photographically at the end of the incubation period. The degree of biodeterioration
was determined by the weight change after exposing the samples to a set of
predetermined experimental conditions.
4.2.2.6 Static test 01
Samples of NR and SBR compounds were prepared from 2mm thick moulded sheet.
The substrate concentration used was approximately 0.5/1. 1.0g/l and 1.5g/l. Each of
them was then added aseptically to a 500ml conical flask which contained 100mI of
an inoculated test medium. The flask was incubated at 28 ± 2°C for 11 weeks. This
test was performed in parallel with dynamic test C3.
i) Weight change measurement
There was no measurement taken on the weight change of samples after incubation.
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ii) Observations
Sample
NR (O.SgII)
NR (l.Og/l)
NR (l.SgII)
SBR (O.Sg/l)
SBR (l.Og/l)
SBR (1.5 &'1)
1 wk of incubation
White microorganisms
with cottony structure were
found to colonise the
surface of the sample. This
structure became compact
after a week of incubation.
2 wks of incubation
No major change in the
appearance of
microorganisms. Those in
the medium also became
compact in structure. The
medium turned turbid.
4 wks of incubation
Some of the
microorganisms detached
from the surface of sample.
The colour of those
microorganisms in the
medium changed from
white to pink.
The development of
microorganisms was
similar to that of NR
(O.5g/l)
The development of
microorganisms was
similar to that of NR
(O.Sg/l) except that the test
medium remained clear
after week 2 and before
week 4 of incubation.
Observation made on SBR
(O.sg/l), SBR (l.Og/l) and
SBR (1.5&'1)were found to
resemble those of the
corresponding NR samples
for the same incubation
periods, except the extent
of growth of
microorganisms on the
surface of the rubber
samples was heavier.
4.2.2.7 Static test 02
The testing procedure was similar to that of static test D1 except:
i) only one washer sample was used per flask (the substrate concentration
was approximately 0.75g1l)
ii) the surface of the rubber sample was rinsed with sterile deionised water
twice before being introduced aseptically to a sterile 500 ml conical
flask
iii) the volume of inoculated test medium used was 200ml instead of 100ml
iv) the test medium was allowed to change and reinoculate every three
weeks
v) the samples were incubated for 12 weeks or longer.
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The extent of growth of microorganisms on the surface of the rubber samples was
documented photographically at the end of the incubation period and the degree of
biodeterioration of samples was determined by the weight change after exposure to
predetermined incubation conditions. This formed the standard test procedures for
testing all the rubber compounds against Nocardia spp. and in the repeatability
studies.
i} Weight change measurement
a} Average gross weight loss (%)
Sample CTRL 9841 12082 12811 12814
NR 0.540 1.064 a) 2.831 2.407 2.783
±O.040 ±0.037 ±0.017 ±0.023 ±O.058
b) 3.074
±O.ln
SBR 0.438 1.084 a) 4.814 3.706 3.833
±0.042 ±0.052 ±O.066 ±0.452 ±O.413
b) 4.933
±O.049
ES 0.414 0.483 a) 6.377 3.805 4.368
±0.O76 ±O.O21 ±O.lOI ±0.620 ±O.032
b) 6.612
±O.064
EP -0.002 0.184 a) 2.526 1.528 1.881
±O.012 ±O.024 ±O.O66 ±O.017 ±0.252
b) 2.639
±O.064
NBR 0.762 2.546 a) 3.357 3.558 3.814
±O.069 ±0.1l7 ±O.075 ±0.082 ±O.069
b) 3.570
±O.030
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b) Net weight loss (%)
Microorganism
Sample 9841 12082 12811 12814
NR 0.524 2.413 1.867 2.243
±O.ln
SBR 0.646 4.435 3.268 3.395
±O.O84
ES 0.069 6.081 3.391 3.954
±O.I66
EP 0.186 2.585 1.530 1.883
±O.080
NBR 1.784 2.702 2.796 3.052
to.lSI
4.2.2.8 Reproducibility and repeatability studies
i) Static test
Two sets of evaluation and control samples (10 each of washer samples) of ES
compounds were tested against two batches of inoculated media (CDM 3 inoculated
with Nocardia asteroides NCIMB 12082) prepared one week apart. The test was
carried out based on procedures established in static test 02. The samples were
incubated at 28 ± 2°C for 12 weeks under static conditions. The weight change of
samples was taken after washing and drying.
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a) Weight change measurement
First set of tests
Average gross weight loss of samples (%)
Sample WI W, GWL (%)
1 0.13801 0.12920 6.38360
2 0.13802 0.12932 6.30343
3 0.13926 0.13042 6.34784
4 0.14119 0.13226 6.32481
5 0.14133 0.13237 6.33977
6 0.14250 0.13356 6.27368
7 0.14269 0.13367 6.32140
8 0.14573 0.13650 6.33363
9 0.14662 0.13737 6.30883
10 0.14693 0.13771 6.27510
Average 0.14223 0.13324 6.32121
Variance 0.00001 0.00001 0.00111
Standard Deviation 0.00334 0.00315 0.03328
Coeff of Variation 2.34531 2.36429 0.52646
Average gross weight loss of control samples (%)
Sample WI W, GWL(%)
11 0.13897 0.13829 0.48931
12 0.13910 0.13842 0.48886
13 0.13937 0.13873 0.45921
14 0.13971 0.13902 0.49388
15 0.14005 0.13933 0.51410
16 0.14235 0.14164 0.49877
17 0.14258 0.14184 0.51901
18 0.14371 0.14301 0.48709
19 0.14395 0.14323 0.50017
20 0.14498 0.14423 0.51731
Average 0.14148 0.14077 0.49677
Variance 0.00001 0.00001 0.00032
Standard Deviation 0.00228 0.00226 0.01784
Coeff of Variation 1.61328 1.60444 3.59063
% NWL of evaluation 5.82444
sample
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Second set of tests
Average gross weight loss of samples (%)
Sample WI Wr GWL(%)
21 0.13680 0.12797 6.45468
22 0.13808 0.12920 6.43105
23 0.13896 0.12980 6.59182
24 0.13957 0.13054 6.46987
25 0.14032 0.13113 6.54932
26 0.14045 0.13126 6.54325
27 0.14173 0.13261 6.43477
28 0.14220 0.13296 6.49789
29 0.14387 0.13459 6.45027
30 0.14586 0.13647 6.43768
Average 0.14078 0.13165 6.48606
Variance 0.00001 0.00001 0.00324
Standard Deviation 0.00272 0.00256 0.05689
Coeff of Variation 1.93080 1.94703 0.87704
Average gross weight loss of control samples (%)
Sample WI Wr GWL(%)
31 0.13800 0.13735 0.47101
32 0.13853 0.13785 0.49087
33 0.13898 0.13826 0.51806
34 0.14073 0.14000 0.51872
35 0.14157 0.14082 0.52977
36 0.14180 0.14109 0.50071
37 0.14240 0.14169 0.49860
38 0.14278 0.14207 0.49727
39 0.14305 0.14229 0.53128
40 0.14437 0.14365 0.49872
Average 0.14122 0.14051 0.50550
Variance .00000 .00000 0.00035
Standard Deviation 0.00212 0.00210 0.01878
Coeff of Variation 1.50062 1.49421 3.71519
% NWL of evaluation samples 5.98056
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ii) Dynamictest
Two sets of evaluation and control samples (7 each of washer samples) of ES
compounds were tested separately against two batches of inoculated media (CDM 3
inoculated with N. asteriodes NCIMB 12082) prepared one week apart. The test was
carried out based on procedures established in dynamic test C5. The samples were
incubated at 28 ± 2°C for 12 weeks at an agitation speed of 50 rpm. The weight
change of each sample was determined after washing and drying.
a) Weight loss measurement
First set of tests
Average gross weight loss of samples (%)
Sample WI Wr GWL(%)
1 0.14180 0.13194 6.95346
2 0.14230 0.13217 7.11876
3 0.14288 0.13288 6.99888
4 0.14564 0.13533 7.07910
5 0.14594 0.13545 7.18789
6 0.14946 0.13882 7.11891
7 0.15093 0.14032 7.02975
Average 0.14556 0.13527 7.06954. -.
Variance 0.00001 0.00001 0.00650
Standard Deviation 0.00356 0.00328 0.08064
Coeff of Variation 2.44732 2.42476 1.14063
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Average gross weight loss of control samples (%)
Sample WI wr GWL(%)
1 0.14097 0.14034 0.44690
2 0.14160 0.14094 0.46610
3 0.14322 0.14252 0.48876
4 0.14423 0.14358 0.45067
5 0.14573 0.14505 0.46662
6 0.14589 0.14523 0.45240
7 0.15194 0.15128 0.43438
Average 0.14480 0.14413 0.45798
Variance 0.00001 0.00001 0.00031
Standard Deviation 0.00367 0.00367 0.01757
Coeff of Variation 2.53379 2.54309 3.83627
% NWL of evaln sample 6.61157
Second set of tests
Average gross weight loss of samples (%)
Sample WI w, GWL(%)
8 0.14254 0.13278 6.84720
9 0.14270 0.13298 6.81149
10 0.14465 0.13508 6.61597
11 0.14831 0.13797 6.97188
12 0.14883 0.13894 6.64517
13 0.14888 0.13922 6.48845
14 0.15064 0.14039 6.80430
Average
Variance
Standard Deviation
Coeff of Variation
0.14665
0.00001
0.00329
2.24259
0.13677
0.00001
0.00312
2.28107
6.74064
0.02703
0.16440
2.43891
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Average gross weight loss of control samples (%)
Sample WI Wr GWL(%)
8 0.13800 0.13735 0.47101
9 0.13853 0.13785 0.49087
10 0.13898 0.13826 0.51806
11 0.14073 0.14000 0.51872
12 0.14157 0.14082 0.52977
13 0.14180 0.14109 0.50071
14 0.14240 0.14169 0.49860
Average 0.14029 0.13958 0.50396
Variance .00000 .00000 0.00040
Standard Deviation 0.00176 0.00174 0.01991
Coeff of Varia lion 1.25580 1.24621 3.95137
% NWL of evaln sample 6.23667
4.3 Factors affecting biodeterioration of rubber compounds
After successful development of the testing procedures for determining the
biodeterioration potential of rubber compounds against various microorganisms,
further experiments were carried out to investigate the effect of:
i) environmental (test conditions) and physical factors,
ii) rubber formulations,
iii) microorganism types,
iv) mixed and pure culture and
v) physiological stage of inoculum on biodeterioration of rubber
compounds.
Only actinomycetes spp. were selected in the study. The majority of the work used
Nocardia asteroides NCIMB 12082, Nocardia sp. NCIMB 12811 and 12814 as test
organisms. The range of experimental conditions used was by no means exhaustive: it
was an attempt to provide an understanding of the process of biodeterioration of
rubber compounds.
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Test conditions such as pH, temperature, renewal or non-renewal of test media,
exposure time, substrate concentration and agitation speed were explored to
determine their importance in the .. Jeterloradon of rubber compounds in the
presence of microorganisms. 2mm thick washers and 0.35mm thick rectangular strips
were used to study the effect of physical factors. The test procedures used were
similar to static test 02 and dynamic test C5, unless otherwise specified.
4.3.1 Test conditions affecting biodeterioration
Only Nocardia sp NCIMB 12814 was used to study the effect of environmental
factors i) to ix) on the biodeterioration of rubber compounds unless otherwise
specified.
i) pH: 7.0, 7.5 or 8.0
ii) Temperature: ambient (17 to 25°C), 30°C or 33 °C
iii) Substrate concentration: 1 or 5 washers (approximately 0.75 or 3.75g!l)
iv) Frequent renewal and non-renewal of media: the media were changed
and reinoculated every three weeks or were not changed and
reinoculated throughout the 12 weeks of incubation.
v) Agitation speeds: 0, 50 or 110 rpm
Nocardia asteroides NCIMB 12082 and Nocardia sp. 12811were also
included in the study.
vi) Geometry: 2 mm thick washer and 0.35 mm thick rectangular strip
Nocardia asteroides NCIMB 12082 and Nocardia sp 12811 were also
included in the study.
vii) Exposure time: 12,24 or 48 weeks
Nocardia asteroides NCIMB 12082 and Nocardia sp. 12811 were also
included in the study.
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4.3.1.1 Effect of shaking speed
i) Microorganism: Nocardia asteriodes NCiMS 12082
a) Average gross weight loss (%)
Static test SO rpm 110 rpm
Sample E-GWL(%) C-GWL(%) E-GWL(%) C-GWL(%) E-GWL(%) C-GWL(%)
NR a) 2.831 0.540 3.748 0.940 3.942 1.047
±0.017 ±0.040 ±0.048 ±0.014 ±O.O7l ±O.042
b) 3.074
t 0.172
SBR a) 4.814 0.438 5.253 0.758 5.469 0.980
to.066 to.042 to.095 to.l07 ±0.033 to.019
b) 4.933
to.049
ES a) 6.377 0.414 6.900 0.481 6.966 0.512
to.101 ± 0.076 to.225 to.033 ±0.122 ±0.035
b) 6.612
to.064
EP a) 2.526 -0.002 2.762 - 0.123 2.793 ·0.004
to.066 to.012 to.OO7 t 0.019 to.020 to.020
b) 2.639
±0.064
NBR a) 3.357 0.762 3.658 1.177 3.761 1.169
to.075 to.069 to.063 ±0.O23 to.042 ±0.033
b) 3.570
to.030
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b) Average net weight losses (%)
Static test SOrpm 1l0rpm
Sample E-NWL(%) E-NWL(%)' E-NWL(%) E-NWL(%)
NR a) 2.291 2.413 2.808 2.895
±<l.172
b) 2.534
SBR a) 4.375 4.435 4.495 4.490
±O.O84
b) 4.495
ES a) 5.963 6.081 6.419 6.454
±<l.I66
b) 6.198
EP a) 2.528 2.585 2.885 2.797
±O.081
b) 2.642
NBR a) 2.594 2.701 2.481 2.592
±O.151
b) 2.808
ii) Microorganism: Nocardia sp. NelMS 12811
a) Average gross weight loss (%)
Static test SOrpm 110 rpm
Sample E-GWL(%) C-GWL(%) E-GWL(%) C-GWL(%) E-GWL(%) C-GWL(%)
NR 2.407 0.540 3.276 0.940 3.348 1.047
fO.023 fO.040 fO.047 fO.014 fO.051 ±0.042
SBR 3.706 0.438 4.448 0.758 3.113 0.980
f 0.452 fO.042 f 0.071 ±0.107 ± 0.213 ± 0.Q19
ES 3.805 0.414 4.725 0.481 4.558 0.512
fO.620 fO.076 fO.OO6 ±0.033 fO.134 fO.035
EP 1.528 -0.002 1.934 ·0.123 1.474 ·0.004
fO.017 fO.012 f 0.014 f 0.019 fO.Oll ± 0.020
NBR 3.558 0.762 3.881 1.177 3.609 1.169
fO.082 fO.069 fO.OO2 fO.023 f 0.412 ±0.033
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b) Average net weight loss (%)
Static test SO rpm 110 rpm
Sample NWL(%) NWL(%) NWL(%)
NR 1.867 2.336 2.301
SBR 3.268 3.690 2.133
ES 3.392 4.244 4.046
EP 1.530 2.056 1.478
NBR 2.795 2.704 2.440
iii) Microorganism: Nocardia sp NCiMB 12814
a) Average gross weight loss (%)
Static test SOrpm 110 rpm
Sample E-GWL(%) C-GWL(%) E-GWL(%) C-GWL(%) E-GWL(%) C-GWL(%)
NR 2.783 0.540 3.469 0.940 3.379 1.047
±0.OS8 ±0.040 ± 0.251 ±0.014 ±0.179 ±0.042
SBR 3.833 0.438 4.115 0.758 3.700 0.980
±0.413 ±0.042 ± 0.467 ±0.107 ±0.024 ±0.019
ES 4.368 0.414 5.068 0.481 4.339 0.512
±0.032 ± 0.076 ± 0.179 ±0.033 ±0.342 ±0.035
EP 1.881 -0.002 1.809 - 0.123 1.496 - 0.004
±0.2S2 ±0.012 ±0.021 ±0.019 ±0.104 ±0.020
NBR 3.814 0.762 3.959 1.177 3.929 1.169
±0.069 ±0.069 ± 0.106 ±0.023 ±O.DOS ±0.033
b) Average net weight loss (%)
Static test 50 rpm 110rpm
Sample E-NWL(%) E-NWL(%) E-NWL(%)
NR 2.243 2.529 2.332
SBR 3.394 3.357 2.720
ES 3.954 4.587 3.827
EP 1.883 1.932 I.SDO
NBR 3.051 2.782 2.760
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4.3.1.2 Effect of temperature
i) Microorganism: Nocardia sp. NCiMB 12814
a) Average gross weight loss (%)
Ambient 300e 33°e
Sample Evaln etrl Evaln etrl Evaln etrl
NR 1.116 0.801 2.783 0.540 1.893 0.718
±0.137 ±0.142 ±0.OS8 ±0.Q40 ±0.320 ±0.006
SBR 2.717 0.415 3.833 0.438 2.205 0.961
± 0.505 ±0.010 ± 0.413 ±0.042 ±0.605 ±0.045
ES 2.128 0.593 4.368 0.414 1.257 0.623
± 0.181 ±0.026 ± 0.032 ±0.076 ± 0.148 ±0.040
EP 1.500 0.060 1.881 -0.002 0.242 0.064
±0.012 ±0.005 ± 0.252 ±0.012 ±0.113 ±0.OI5
NBR 2.238 0.838 3.814 0.762 2.672 1.870
±0.077 ±0.073 ±0.069 ±0.069 ±0.619 ±0.171
b) Average net weight loss (%)
Sample Ambict 30°C 33°C
NR 0.315 2.243 1.17S
SBR 2.302 3.394 1.244
ES 1.535 3.954 0.634
EP 1.440 1.883 0.178
NBR 1.400 3.051 0.802
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4.3.1.3 Effect of pH
i) Microorganism: Nocardia sp. NCIMB 12814
a) Average gross weight loss (%)
pH7.0 pH 7.5 pH8.0
Sample E-GWL(%) C-GWL(%) E-GWL(%) C-GWL(%) E-GWL(%) C-GWL(%)
NR 2.783 0.540 2.637 0.920 3.057 0.583
±0.058 ±0.040 ±0.049 ±0.423 ± 0.124 ±0.061
SBR 3.833 0.438 3.555 0.523 NT NT
±0.413 ±0.042 ± 0.560 ±0.046
ES 4.368 0.414 0.962 0.599 NT NT
±0.032 ±0.076 ± 0.017 ±0.009
EP 1.881 -0.002 1.630 -0.060 2.318 - 0.085
±0.252 ±0.012 ± 0.071 ±0.024 ±0.OI5 ±0.046
NBR 3.814 0.762 3.009 1.677 3.158 1.240
±0.069 ±0.069 ± 0.476 ± 0.159 ±0.044 ±0.200
b) Average net weight loss (%)
pH7.0 pH 7.5 pH8.0
Sample NWL(%) NWL(%) NWL(%)
NR 2.243 1.717 2.474
SBR 3.394 3.032 NT
ES 3.954 0.362 NT
EP 1.883 1.690 2.404
NBR 3.051 1.363 1.918
Remark: pH 7.0 and pH 7.5 were prepared from potassium buffer and pH 8.0 was
prepared from sodium buffer.
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4.3.1.4 Effect of sample weight (case of frequent renewal of
media)
i) Microorganism: Nocardia sp. NCiMB 12814
a) Average gross and net weight loss (%)
Weight 1 WeightS
Average
Sample E-GWL C-GWL E-NWL E-GWL C-GWL E-NWL 'E-NWL
(%) (%) (%) (%) (%) (%) (%)'
NR 2.783 0.540 2.243 a) 2.139 0.540 a) 1.599 1.566
±0.050 ±0.040 ± 0.110 ±0.040 to.047
b) 2.073 b) 1.533
±0.092
..----- ..~-- ~- -.-.----~---.-
.SBR 3.833 0.438 3.394 a) 1.920 0.438 a) 1.482 1.808
±0.413 ±0.042 ± 0.346 ±0.042 ± 0.462
b) 2.573 b) 2.135
±0.208
ES 4.368 0.414 3.954 a) 1.357 0.414 a) 0.943 1.695
±0.032 ± 0.076 ± 0.081 ±0.O76 ±0.462
b) 2.861 b) 2.447
±0.127
EP 1.881 -0.002 1.883 a) 1.734 -0.002 a) 1.736 1.630
±O.2S2 ± 0.012 ±0.048 ±O.O12 ±O.ISO
b) 1.522 b) 1.524
to.02l
NBR 3.814 0.762 3.051 a) 1.911 0.762 a) 1.149 1.168
±0.O69 to.069 ±0.146 ±0.O69 ±0.027
b) 1.949 b) 1.186
±o.on
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4.3.1.5 Effect of sample weight (case of non-renewal of media)
i) Microorganism: Nocardia so. NCIMS 12814
a} Average gross and net weight loss (%)
Weightl WeightS
Average
Sample E-GWL C-GWL E-NWL E-GWL C-GWL E-NWL 'E-NWL
(%) (%) (%) (%) (%) (%) (%)'
NR 1.857 0.540 1.317 a) 2.682 0.540 a) 2.142 1.101
± 0.298 ± 0.040 ±0.028 ±0.040 ± 1.471
b) 0.601 b) 0.061
±0.O39
SBR 2.599 0.438 2.161 a) 3.559 0.438 a) 3.121 2.385
± 0.294 ± 0.042 , ± 0.183 ±0.042 ± 1.040
b) 2.088 b) 1.650
±0.225
ES' 5.993 0.414 5.579 a) 4.743 0.414 a) 4.330 2.847
± 0.222 ± 0.076 ± 0.168 ±0.O76 ± 2.097
b) 1.778 b) 1.364
±0.539
EP 2.406 -0.002 2.408 a) 2.417 -0.002 a) 2.419 2.359
± 0.196 ± 0.012 ±0.030 ± 0.012 ± 0.085
b) 2.296 b) 2.298
±0.044
NBR 2.446 0.762 1.684 a) 1.191 0.762 a) 0.429 0.831
± 0.795 ± 0.069 ± 0.145 ±0.069 ± 0.570
b) 1.997 b) 1.234
±0.300
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4.3.1.6 Effect of incubation time
i) Microorganism: Nocardia asteroides NCiMS 12082
a) Average gross weight loss (%)
12 weeks 24 weeks 48 weeks
Sample E-GWL(%) C-GWL E-GWL C-GWL E-GWL C-GWL
(%) (%) (%) (%) (%)
NR a) 2.831 0.540 3.370 0.716 3.460 0.899
±0.017 to.040 ±0.OI5 ±0.041 ± 0.043 t 0.038
b) 3.074
±O.ln
SBR a) 4.814 0.438 5.460 0.589 5.679 0.873
to.066 to.042 to.049 to.068 ±0.341 to.090
b) 4.933
t 0.049
ES a) 6.377 0.414 6.762 0.495 6.726 0.375
± 0.101 to.076 ±0.105 ±0.009 ± 0.021 to.012
b) 6.612
±0.064
EP a) 2.526 -0.002 2.778 ·0.020 2.979 ·0.089
to.066 t 0.012 t 0.032 to.OO6 t 0.052 t 0.019
b) 2.639
±0.064
NBR a) 3.357 0.762 3.083 0.712 4.040 1.760
t 0.075 to.069 to.497 to.084 to.Os7 t 0.106
b) 3.570
to.03
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b) Average net weight loss (%)
12 weeks 24 weeks 48 weeks
Sample E-NWL(%) 'E-NWL(%)' NWL(%) NWL(%)
NR a) 2.291 2.413 2.654 2.561
±0.172
b) 2.534
SBR a) 4.376 4.435 4.870 4.806
±0.084
b) 4.495
ES a) 5.963 6.031 6.267 6.348
±0.166
b) 6.198
EP a) 2.528 2.585 2.798 3.068
± 0.081
b) 2.641
NBR a) 2.595 2.701 2.371 2.280
± 0.151
b) 2.808
ii) Microorganism: Nocardia sp. NCIMS12811
a) Average gross weight loss (%)
12 weeks 24 weeks 48 weeks
Sample E-GWL(%) C-GWL(%) E-GWL(%) C-GWL(%) E-GWL(%) C-GWL(%)
NR 2.407 0.540 2.941 0.716 3.982 0.899
±0.023 ±0.D40 ±0.D41 ±0.038
SBR 3.706 0.438 4.464 0.589 4.299 0.873
±0.452 ±0.D42 ±0.068 ±0.090
ES 3.805 0.414 4.747 0.495 5.031 0.375
±0.620 ±0.076 ±0.009 ±0.012
EP 1.528 -0.002 1.725 0.020 1.711 0.089
fO.Ot7 ± 0.Ot2 ±0.006 ±0.019
NBR 3.558 0.762 3.930 0.712 4.461 1.760
±0.082 ±0.069 fO.084 ±0.106
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b) Average net weight loss (%)
12 weeks 24weeks 48 weeks
Sample E-NWL(%) NWL(%) NWL(%)
NR 1.867 2.225 3.083
SBR 3.268 3.875 3.426
ES 3.392 4.252 4.656
EP 1.530 1.705 1.622
NBR 2.795 3.219 2.701
iii) Microorganism: Nocardia sp. NCiMS 12814
a) Average gross weight loss (%)
12 weeks 24weeks 48 weeks
Sample E-GWL(%) C-GWL(%) E-GWL(%) C-GWL(%) E-GWL(%) C-GWL(%)
NR 2.783 0.540 3.216 0.716 3.521 0.899
±0.OS8 ±0.040 ±0.041 ±0.038
SBR 3.833 0.438 4.821 0.589 4.953 0.873
± 0.413 ±0.042 ±0.068 ±0.090
ES 4.368 0.414 5.235 0.495 5.264 0.375
±0.032 ± 0.076 ±0.D09 ±0.012
EP 1.881 -0.002 2.278 0.020 2.165 0.089
±O.252 ± 0.012 ±O.OO6 ±0.019
NBR 3.814 0.762 4.264 0.712 4.744 1.760
±0.069 ±0.069 ±0.084 ±0.106
b) Average net weight loss (%)
12 weeks 24weeks 48 weeks
Sample E-NWL(%) NWL(%) NWL(%)
NR 2.243 2.499 2.622
SBR 3.395 4.231 4.080
ES 3.954 4.740 4.889
EP 1.883 2.258 2.076
NBR 3.052 3.552 2.984
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4.3.1.7 Effect of physical dimensions
i) Microorganism: Nocardia sp. NCIMS 12082
a) Average gross weight loss (%)
2mm washer O.3Smm strip
Sample E-GWL C-GWL E-NWL 'E-NWL E-GWL C-GWL E-NWL
(%) (%) (%) (%)' (%) (%) (%)
NR a) 2.831 0.540 a) 2.291 2.413 3.502 0.383 3.119
± 0.017 ±0.040 ± 0.172 ±0.049 ± 0.016
b) 3.074 b) 2.534
± 0.172
SBR a) 4.814 0.438 a) 4.375 4.435 6.875 0.575 6.300
±0.066 ±0.042 ±0.084 ± 0.113 ± 0.112
b) 4.933 b) 4.495
± 0.049
ES a) 6.377 0.414 a) 5.963 6.031 6.685 0.619 6.066
± 0.101 ±0.076 ± 0.166 ±0.189 ± 0.027
b) 6.612 b) 6.198
±0.064
EP a) 2.526 -0.002 a) 2.528 2.585 3.026 0.222 2.804
±0.066 ± 0.012 ±0.081 ±0.064 ±O.ODS
b) 2.639 b) 2.642
±0.064
NBR a) 3.357 0.762 a) 2.594 2.701 4.744 1.666 3.078
± 0.075 ±0.069 ± 0.151 ±0.068 ±0.061
b) 3.570 b) 2.808
± 0.030
4.3.2 Effect of formulation
The biodeteriorability of the following was examined against Nocardia spp.
i) crosslinked NR, SBR, ES, EP and NBR ,
ii) crosslinked NR and SBR with wax or antioxidants,
iii) carbon black filled NR and SBR compounds without wax or antioxidants and
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iv) complete formulation of NR, SBR, ES, EP and NBR compounds. This was to
determine which ingredients in rubber compounds contributed towards their
biodeterioration.
The experiments were carried out, which were similar to the static test D2 procedures.
except for the incubating conditions. Samples of 0.35mm thick rectangular strips were
used. The temperature and time of incubation of rubber versus Nocardia spp.NCIMB
12811 and 12814 systems were ambient and over 24 weeks respectively. In the case
of tests using N. asteroides NCIMB 12082, two sets of samples were tested. One of
them was incubated for 12 weeks and the other was 24 weeks. The incubating
temperature was 28 ± 2°C.
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i) Weight change measurement (24 weeks)
a) Average gross weight loss (%)
Sample 12082 CTRL(30°C) 12811 12814 CTRL(amb)
NRX -1.039 -0.524 4.125 4.081 0.608
± 0.159 ± 0.058 ± 0.352 ± 0.878 ± 0.137
NRW -0.297 -0.004 4.208 3.859 -0.047
± 0.130 ± 0.383 ± 0.831 ± 1.551 ± 0.053
NRNO 3.650 0.080 2.953 2.816 0.921
± 0.102 ± 0.100 ± 0.034 ± 0.061 ± 0.007
NRC/O 2.843 0.184 2.550 2.652 0.412
± 0.049 ± O.ot5 ± 0.006 ± 0.078 ± 0.054
NRC/F 4.049 0.523 3.345 3.435 0.493
± 0.071 ± 0.040 ± 0.130 ± 0.206 ± 0.077
SBRX 9.911 1.180 8.017 8.587 1.937
± 0.117 ± 0.032 ± 0.039 ± 0.201 ± 0.004
SBRW 8.881 0.993 7.378 8.268 1.575
± 0.589 ± 0.080 ± 1.106 ± 0.343 ± 0.027
SBRA/O 3.366 1.204 5.744 5.514 1.851
± 0.205 ± 0.103 ± 2.091 ± 0.919 ± 0.011
SBRC/O 6.368 0.734 4.635 5.588 1.221
± 0.195 ± 0.017 ± 0.284 ± 0.096 ± 0.075
SBRC/F 7.206 0.657 5.145 5.888 0.529
± 0.064 ± 0.126 ± 0.024 ± 0.023 ± 0.069
ESX 3.172 1.347 2.400 2.725 1.377
± 0.159 ± 0.028 ± 0.168 ± 0.023 ± 0.042
ESCIF 6.758 0.561 5.685 6.358 0.845
± 0.174 ± 0.033 ± 0.004 ± 0.170 ± 0.009
EPX -0.727 -2.780 -0.193 0.638 0.317
± 0.048 ± 0.061 ± 0.153 ± 0.001 ± 0.060
EPC/F 3.062 0.232 2.152 2.744 0.810
± 0.025 ± 0.049 ± 0.030 ± 0.013 ± 0.007
NBRX 4.436 2.991 4.274 4.568 2.365
± 0.025 ± 0.048 ± 0.126 ± 0.039 ± 0.001
NBRC/F 4.682 1.768 4.353 4.940 1.942
± 0.258 ± 0.059 ± 0.209 ± 0.024 ± 0.031
61
b) Average net weight loss (%)
Sample 12082 12811 12814
NRX -0.515 3.517 3.473
NRW -0.293 4.255 3.907
NRNO 3.570 2.031 1.895
NRC/O 2.659 2.138 2.240
NRC/F 3.526 2.852 2.942
SBRX 8.731 6.080 6.651
SBRW 7.888 5.803 6.693
SBRNO 2.162 3.893 3.663
SBRC/O 5.634 3.414 4.368
SBRC/F 6.549 4.616 5.359
ESX 1.825 1.024 1.348
ESC/F 6.197 4.840 5.513
EPX 2.053 -0.570 0.321
EPC/F 2.830 1.342 1.934
NBRX 1.445 1.909 2.203
NBRC/F 2.914 2.411 2.999
4.3.3 Effect of pure and mixed cultures
The testing procedures were similar to the static test D2. The mixed culture of S.
lipmanii NCIMB 9841 and Nocardia sp, 12811 was used as test :Jnoculum. Cell
suspensions of both microorganisms was adjusted to O.D. of 1.20. 0.63 ml of each
cell suspension was added to 200 ml of CDM 3. The final concentration of cell
suspension of Nocardia sp. NCIMB 12811 was about 0.5xlQ-7 CFU/ml, whilst the
cell concentration of S. lipmanii NCIMB 984 was not possible to determine: it was in
filamentous form. For comparison purposes, a similar experiment was carried out on
a pure culture of S. lipmanii NCIMB 9841. The volume of.' inoculum used was
increased to 1.26 ml. NR, SBR, ES, EP and NBR compounds' were used in the mixed
culture experiment whilst in the pure culture experiment, the SBR compound was
excluded.
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i) Weight change measurement
a) Average gross weight loss (%)
Microorganism
Sample CfRL 9841 12811 9841/12811
(Filamentous)
NR 0.540 1.000 2.407 2.525
±0.040 ±0.036 ±0.023 ±0.038
SBR 0.438 3.706 3.827
± 0.042 NT ± 0.452 ±0.038
ES 0.414 0.697 3.805 4.538
±0.076 ± 0.003 ±0.620 ±0.070
EP -0.002 1.212 1.528 1.643
±0.012 ± 0.215 ±0.017 ±0.OO8
NBR 0.762 1.851 3.558 3.434
±0.069 ±0.072 ±0.082 ± 0.149
b) Net weight loss (%)
Microorganism
Sample 9841 (filamentous) 12811 9841/12811
NR 0.460 1.867 1.985
SBR NT 3.268 3.389
ES 0.283 3.392 4.124
EP 1.214 1.530 1.645
NBR 1.089 2.796 2.672
4.3.4 Effect of physiological forms of culture (Spores vs
filamentous culture)
Spore and filamentous form of S.lipmanii NelMB 9841 were used in the pure culture
experiment. The spore suspension was prepared from test culture grown on 1%
nutrient agar slope and the cell suspension in the filamentous form was prepared from
test culture growing in 1% nutrient broth. Both experiments were carried out
according to the procedure in static test D2.
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i) Weight change measurement
a) Average gross weight loss (%)
Sample CTRL 9841 (spore) 9841 (Filamentous)
NR 0.540 1.064 1.000
±0.040 ± 0.037 ± 0.036
ES 0.414 0.483 0.697
± 0.076 ± 0.021 ± 0.003
EP -0.002 0.184 1.212
± 0.012 ±0.024 ± 0.215
NBR 0.762 2.546 1.851
± 0.069 ± 0.117 ±o.on
b) Net weight loss (%)
Sample 9841 (Spore) 9841 (filamentous)
NR 0.524 0.460
ES 0.069 0.283
EP 0.186 1.214
NBR 1.784 1.089
4.4 Detection of leachable antimicrobial additives
This procedure was mainly used to detect the antimicrobial activities against a range
of actinomyetes. 20m! of sterilised molten nutrient agar was poured into a round petri
disc. Upon solidification, it was allowed to dry at 37°C for 25 minutes in an
incubator. During drying, the lid of the petri dish and the agar surface were faced
downwards to minimise any airborne contamination. 100 micro-litres of cell
suspension with a concentration of 10million CFU/ml was dispensed on the predried
agar surface through a sterilised pipette tip. The cell suspension was spread over the
entire agar surface with a sterilised Lsshaped bent glass rod. Button shaped rubber
samples with a diameter of 9.5 mm were then placed on the inoculated agar surface.
The plate was incubated at 30°C for 72 hours. The diameter of the inhibition zone
was measured.
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i) Antimicrobial activities of leachable additives from rubber compounds
Average diameter of inhibition zone(mm)
Samples 12082 12811 12814
NRX 0.00 0.00 0.00
NRCF 11.20 11.80 10.83
SBRX 14.93 17.85 25.35
SBRCF 20.00 24.43 16.95
ESX 26.40 31.50 24.95
ESCF 27.38 33.75 25.98
EPX 0.00 0.00 0.00
EPCF 0.00 0.00 0.00
NBRX 31.55 34.23 27.43
NBRCF 30.85 30.80 26.45
4.5 Determination of minimum inhibitory concentration
Most of the rubber additives were insoluble in deionised water; some of them could
be dissolved in either acetone or ethanol. Ingredients such as sulphur and zinc oxide
were insoluble in any of the above solvents. Additives were weighed and introduced
to 70% ethanol to provide a mixture of the required concentration. The mixture was
shaken well and serially diluted to give a range of concentrations from 10.1 to 1(}4
g/ml, 200~1 of mixtures of known concentration was dispensed and mixed with
molten glucose mineral salts agar. The final concentration of the additive in agar was
in the range of 1(}3 to 1(}6 glml. Similar procedures were applied to additives which
were soluble in acetone or ethanol.
The molten agar of an additive of known concentration was poured into a petri disc
and allowed to solidify. The agar plate was allowed to dry in a 37°C incubator for 25
minutes. The reverse side of the plate was marked into three sectors. A drop each of
cell suspension from three different Nocardia spp. was dispensed onto each sector of
the agar plate. The volume of all suspension used was about 30 ~l' and the cell
concentration used was 107 CFU/ml. Similar procedures were repeated for various
concentrations of additive agar plates. The plates were then incubated in a static
incubator at 30°C for a week. Observations were made on the extent of growth of
microorganisms and the minimum concentration of additive to inhibit the growth of
microorganisms on plates.
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ZDBC and CuDMC are in the form of pellets and are insoluble in water, acetone and
ethanol. They were cut into very thin slices with a razor blade. Before testing, the
samples were allowed to soak in 70 % ethanol for a minute. They were then placed on
the surface of a glucose mineral agar plate. The surface of agar was previously plated
with 100 micro-litre of cell suspension of concentration of 107 CPU/m!. The similar
procedures were repeated with different microorganisms. The plates were incubated
at 30°C for a week. Observation was made on the inhibition potential of these
additives against various microorganisms.
i) Extent of growth
Extent or growth
Sample Concentration 12082 12811 12814
(g/ml)
6PPD 10-3
10-4 + + +
lO-s ++ + +
10-6 +++++ +++ +
ODPA 10-3 +++++ +++++ +
, 10-4 +++++ +++++ +
lO-s +++++ +++++ +
10-6 +++++ +++++ +
TMTD 10-3
10-4
10-S
10-6 +++ ++
MBT 10-3
10-4
lO-s +++ ++
10-6 +++++ +++++ +
CBS 10-3
10-4 ++ +
lO-s +++ ++ +
.10-6 +++++ ++++ +
TMQ 10-3 + + +
10-4 +++ ++ +
lO-s ++++ +++ ++
10-6 +++++ ++++ ++
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ZnO 10-3 +++
10-4 ++++
lO-s +++++
10-6 +++++
S 10-3 +
10-4 +++
lO-s ++++
10-6 +++++
MBTS 10-3 +
10-4 ++++
10-5 +++++
10-6 +++++
ZOBC niz
CuOMC iz
Where:
- indicates no growth
+ indicates positive growth
niz indicates no inhibition zone formed
iz indicates formation of inhibition zone
++ +
++++ +
+++++ +
++ +
+++ +
++ +
+++ +
++++ +
niz niz
izniz
ii) Minimium inhibitory concentration
Minimum inhibitory concentration(g/ml)
Sample 12082 12811 12814
6PPO 10-4<MIC<10-3 I0-4<MIC<I0-3 100s<MIC<I0-4
OOPA NIG at 10-3 NIG at 10-3 NIG at 10-3
TMTO 10-6<MIC<IO-s 10-6<MIC<10-s NG at 10-6
MBT 100s<MIC<I0-4 100s<MIC<I0-4 I0-6<MIC<Io-s
MBTS NIG at 10-3 10-4<MIC<10-3 lQ-4<MIC<10-3
CBS 10-4<MIC<10-3 10-4<MIC<10-3 1Q-4<MIC<10-4
TMQ NIG at 10-3 NIG at 10-3 NIG at 10-3
ZnO NIG at 10-3 10-4<MIC<10-3 10-4<MIC<10-3
S NIG at 10-3 100s<MIC<10-4 100s<MIC<I0-4
4.6 Bioassay of additives agents
All liquid samples such as dioctylphthalate, high aromatic oil and paraffinic oil were
sterilised by membrane filtration (0.45 micrometre filter was used) before application.
1 ml of the sterilised sample was introduced to a sterilised 250 ml conical flask
containing 50 ml of inoculated CDM3 aseptically. The flask was then incubated in an
orbital incubator. The shaking of flasks was to break the oily surface formed on the
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air-medium interface and provide sufficient oxygen for the growth of aerobic
microorganisms. The shaking speed and temperature were preset at 160 rpm and 30°C
respectivel y.
Observations were made after two weeks of incubation. Solid samples such as silica,
china clay, carbon black, stearic acid, zinc stearate and polyethylene glycol were
sterilised by autoclaving. Similar procedure was used to assay solid samples except
the weight used was 0.1 gram and the samples were incubated under static conditions
at 30°C for two weeks.
Sample 12082 12811 12814
Microcrystalline wax + + +
Paraffinic oil + + +
High aromatic oil + + +
Stearic acid + + +
DOP +
PEG4000 s.g. s.g.
Carbon black N330
Carbon black N550 v.s.g.
Carbon black N762 v.s.g.
Silica v.s.g.
China clay v.s.g.
Zinc stearate + + +
where:
+ indicates positive growth
• indicates no growth
v.s.g indicates very slight growth
s.g. indicates slight growth
68
Chapter 5 · Discussion
5.1 Selection of test procedures
A survey of test procedures used in national and international standards as well as
those commonly used in microbiological laboratories for the study ofbiodeterioration
of polymeric materials was carried out at the beginning of the programme. The aims
were to analyse the advantages and disadvantages of each technique and identify a
suitable method for the work.
The following is a list of some of the standards available for evaluating
biodeterioration of polymeric materials or substrates with organic origin:
BS 1982 : 1990
BS 2011: 1989
BS 2848 : 1973
BS 3046 : 1991
BS 4249 : 1989
BS 6085 : 1992
ISO 846 : 1978
Methods of test for fungal resistance of panel products made of,
or containing. materials of organic origin.
The environmental testing of electronic components and
electronic equipment. Test J. Mould growth.
Flexible insulating sleeving for electrical purposes. Section 12.
Mould growth.
Specification for adhesives for hanging flexible wall coverings.
Appendix G. Test for susceptibility to mould growth.
Specifications for paper and cork/paper joining. Section 5.7.
Resistance to mould growth.
Methods of test for determination of the resistance of textiles to
microbiological deterioration.
Plastics-determination of behaviour under the action of fungi
and bacteria evaluation or measurement of change in mass or
physical properties.
69
ASTM G21 : Standard recommended practice for determining resistance of
1990 synthetic polymer materials to fungi.
ASTM G22 : Standard recommended practice for determining resistance of
1990 plastics to bacteria.
ASTM D2S74 Standard test method for resistance of emulsion paints (in
1986 containers) to attack by microorganisms.
ASTM D3273 : Standard test method for resistance to growth of mould on the
1991 surface of interior paints coatings in an environmental chamber.
ASTM D3274 Standard test method for evaluating the degree of surface
1988 disfigurement of paint films by microbial (fungal or algal)
growth or soil and dirt accumulation.
ASTM D34S6
1991
Standard recommended practice for determining, by exterior
exposure tests, the susceptibility of paint films to
microbiological attack.
ASTM D4300 Standard test method for ability of adhesive films to support or
1988 resist the growth of fungi.
ASTM D4783 Standard test method for resistance of adhesive preparation (in
1989 container) to attack by bacteria, yeast and fungi.
ASTM DS209 Standard test method for aerobic biodegradation of plastic
1991 materials in presence of municipal sewage sludge.
ASTM DS210 : Standard test method for anaerobic biodegradation of plastic
1991 materials in presence of municipal sewage sludge.
Generally, the test procedures employed can be broadly classified as laboratory,
environmental simulation and field tests.
70
5.1.1 Laboratory tests (common microbiological tests)
Laboratory tests can be conducted either under a batch or a continuous mode. The
media used can be either chemically defined. These are either in solid (agar) or liquid
form.
5.1.1.1 Batch process
A batch process is one in which nothing is added or removed from the test reservoir
after inoculating a medium of appropriate composition with living cells.
i) Advantages
• Generally the techniques used are simple, economical in labour.
• The test can be conducted under either static or dynamic conditions.
• Under the controlled conditions, with the use of a chemical defined medium
and the rubber sample as the sole carbon source for the growth of
microorganisms, any change in the properties of the sample is a direct
measurement of the interaction between the sample and the microorganisms.
• Test can be established and run in any part of the world.
• The test results have normally better reproducibility and repeatability than field
experiments.
• It is quite easy run control sample.
ii) Disadvantages and limitations
• The test conditions may not be identical to any physical and chemical
environments of the field.
• For practical purposes, the physical dimensions of the samples are restricted.
• The build up of any leachable antimicrobial additives from the samples and
metabolite by-products from the utilisation of the carbon source could affect the
viability of the microorganisms. Hence the system can only support the growth
of microorganisms for a limited period of time.
• It is essential to have technically qualified staff to manage the experiment.
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5.1.1.2 Continuous process
An ideal continuous process is defined as the supply of fresh medium to the test
system at the same rate as the existing medium is withdrawn from it.
i) Advantages
• The process allows the experiment to be performed continuously until depletion
of biodegradable carbon sources or stopped at any point of time at the discretion
of the operator.
• There is no danger of toxification of the medium.
• The physical dimensions of the sample can be larger.
ii) Disadvantages and limitations
• Costly equipment such as metering pump for air and medium, pH meter and
temperature controller are required to maintain the test conditions.
• It is very expensive to maintain the supply of sterilised media to the system.
• The physical and chemical conditions cannot be compared directly with any
field experience. .
• It is very costly to run a blank experiment (the control samples are required to
be subjected to identical conditions as the evaluation samples except that they
are under sterilised conditions).
If both batch and continuous processes are run with non-chemical defined media, it
would be very difficult to ensure the batch-to-batch similarityin the substances used in
medium preparation. An acceptable level of the reproducibility and repeatability of
test results would be very difficult to achieve.
5.1.2 Environmental simulation tests
These tests are designed to take into account the end use of the product while keeping
a reasonable amount of control over the environmental condltions=. For example in
BS 249~~:1~~O.Appendix B "Method of test for microbiological deterioration",
samples under tensile strain are placed in a glass tank containing inoculated raw river
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water. This is a flow through system, the flow rate and temperature of raw river water
are controlled and monitored.
i) Advantages
• The test conditions are controlled and monitored.
• The duration of test is at the discretion of the operator.
• The cost of test media is low.
• Little or no microbiological knowledge is necessary.
• The results are close to field experience.
ii) Disadvantages and limitations
This test is similar to a field test in that a non-chemical defined medium (e.g. river
water or soil) is used. The test medium composition will vary according to the source
and may be affected by the change of season. Similar factors would also affect the
activities of microorganisms. All these factors are uncontrollable. To obtain
reproducible results would be difficult.
• It is difficult to repeat the similar experiment in any part of the country and
more so internationally.
• For a continuous flow system, considerable investment will be required for
equipment ..
• In some cases, it would be rather difficult to establish a blank experiment for
control samples.
5.1.3 Field tests
A field test is usually a long term test, the sample is exposed to a field environment in
which the product is likely to be placed when in service.
i) Advantages
• The test represents the deterioration of materials at a particular location over a
particular period of time.
• No special equipment is needed.
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• The maintenance cost is minimal.
• Special training in microbiology might not be required.
ii) Disadvantages and limitation
• The test results obtained need further analysis to determine the mode of
deterioration (whether or not the deterioration of a sample was truly
microbiological or a combination effect of chemically initiated deterioration,
followed by chemical and biological activities).
• The results may not be easily repeated because of the ever changing
environment.
• It is difficult to specify conditions sufficiently for internationally use.
Based on the above analysis, the existing test procedures would have difficulties in
meeting the project objectives. Hence the development of a new or modified existing
testing procedure was necessary.
5.2 Method development
5.2.1 Selection of responses for measuring biodeterioration of
rubber compounds
Visual assessment is commonly used as a qualitative means of measuring the extent
of growth of microorganisms on the surface of the test specimen. Frequently, graded
photographs relevant to the test materials are reproduced as standards to act as
comparators.
The long term effects of exposure to a biological environment on test samples are
often assessed by the change in physical, optical and electrical properties.
The extent of biodeterioration measured by the amount of weight change was widely
used and recommended in many National and International standards. It was also
reported to be directly proportional to the change in mechanical properties of samples.
In this study, the extent of growth of microorganisms on the surface of rubber
samples was recorded photographically and the degree of interaction between rubber
samples and microorganisms were determined by weight change of samples before
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and after exposure to biologically active media with respect to control samples. It is
important to look at the gross weight and net change of any rubber sample. The
former gave the overall performance of a sample in a given medium and the latter
represent the amount of material utilised by the microorganisms. The difference
between gross and net weight loss is the loss due to leaching of additives from the
rubber system.
Since the loss of weight of a sample is associated with a change in the volume, and if
the compound is to be used as seal material, any change in its weight could indirectly
affect the integrity of the product as a sealwhen used under a biologically active
environment.
5.2.2 Selection of microorganisms
All the strains of fungi used in the project were similar to those recommended in ISO
846 or the National equivalents. These strains were commonly used in testing of
natural polymers such as cotton or synthetic polymeric materials.
As for strains of actinomycetes used, it was reported by Water Research CentreS2,63
that certain strains of Streptomyces lipmanii, Streptomyces fulvoviridis, andNocardia
asteriodes in river water were implicated for attacking rubber samples. The strain of
Streptomyces lipmanii NCIMB 9841 and Nocardia asteriodes NCIMB 12082 are
standard cultures from NCIMB and there was little information about their origin.
Whilst Nocardia sp. NCIMB 12811 (R315) and 12814 (S40) used in the present
experiment are claimed to be rubber degrading microorganisms by NCIMB.
Nocardia sp. NCIMB 12811 was isolated from natural rubber from primary sewage
settling tank at Medenham and Nocardia sp. NCIMB 12814 was isolated from soil at
the bank of River Thames at Medenham. The isolation of microorganisms were
carried out at the University of Newcastle, Microbiology Section of the Medical
School and the biodeteriorated rubber samples for isolation of microorganisms were
provided by WRC. These strains could be responsible for the attack of vulcanised
rubber samples under WRC experimental conditions (based on BS 2494 test
procedures) except no work was published on the attack by pure cultures carried out
by the WRC.
All the species selected for the project work could be purchased from culture
collection institutes (Fungi, from the International Mycology Institute and
Actinomycetes from the National Collection of Industrial and Marine Bacteria).
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5.2.3 Rubber samples
All the rubber samples used were of similar formulations to those employed by WRC
in their project on "Biodeterioration performance of Elastomeric Sealing Ring
Materials'<.
5.3 Solid media (Agar plate technique)
5.3.1 Tests for rubber I fungus systems
The interaction between the rubber compounds and microorganisms was restricted to
the perimeter of the samples. The supply of inorganic nutrients and water to the
surface of the samples was very limited and relied on capillary action. The oxygen
level at the interface between the rubber sample and the agar was low. This would not
favour the growth of aerobic microorganisms. Hence the attack of the rubber samples
would very much depend on the geometry of the samples, those with similar surface
area but a larger perimeter, would experience a greater biological attack. In cases
where the samples contained a leachable strongly antimicrobial additive and if the
effect is cidal, then there would not be any interaction between the sample and the
microorganisms. Even if samples contained no leachable antimicrobial additive, the
procedure would not be very good for long term experiments. The utilisation of
organic nutrient would generate metabolite by-products and without removing them
would affect the biological activities of the microorganisms.
From the results obtained, it is clearly shown that most of the samples were not ideal
carbon sources for the growth of A. niger; there was little or no growth on four out of
five rubber samples. Only some growth was observed on the surface of peroxide-
cured EPDM compound. The weight change of all the samples after a month of
incubation was minimal.
The formation of a clear inhibition zone around the NR samples indicated that the
compounds contained leachable antimicrobial additives. The antimicrobial additives
in the samples were very effective against A. niger for the inhibition zone remained
unchanged after 4 weeks of incubation. The leachable antimicrobial additives in
other samples could be of different nature. Those in NBR samples were static in
nature. After a week of incubation, there was a slight growth of filamentous
microorganisms on the complete agar plate at areas near the edges of the plate (away
from the samples). The microorganisms then began to grow towards the centre of the
plate as the concentration of the antimicrobial additives near the samples reduced with
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time through diffusion. The surface of the plate was completely colonised by
microorganisms after 4 weeks of incubation. The characteristics of leachable
antimicrobial additives in ES samples was similar to that in NBR samples except with
a reduced concentration. They were not very strong fungicides and only localised
inhibition was observed after a week of incubation. The inhibition zones formed at
locations where the concentration of the leachable antimicrobial additives was higher,
especially where two flow fronts of the additive met and at the centres of the washers.
The growth near the edges of samples was made possible because the surface of
samples also contained a very high concentration of promicrobial additives (ie.
paraffinic oil). The effect of leachable antimicrobial additives from ES samples
against the growth of A. niger was temporary (static in nature). The surface of a agar
plate was colonised completely by the microorganisms after two weeks of incubation.
The level of leachable antimicrobial additives in SBR samples was very low, only a
very small inhibition zone was formed around the edge of the samples after a week of
incubation. There was no inhibition of growth on plates containing EP samples.
5.4 Liquid media
5.4.1 Tests for rubber I fungus systems (Dynamic test A1)
5.4.1.1 Dynamic test A1
There was no problem for microorganisms to gain access to inorganic and organic
nutrients as well as oxygen in a liquid medium. The microorganisms could interact
with the entire surface of the sample. There would not be a problem of accumulation
of antimicrobial additives at the sample surface and the amount of leachable
antimicrobial additives would be well distributed in the test medium. The level of
antimicrobial additives in the medium would depend on their extractability. This was
governed by the volume, pH and temperature of the medium as well as the nature of
the additives such as the molecular weight and compatibility with the rubber polymer.
The effect of test conditions on extractability of the samples and biological activities
of the microorganisms will be discussed in greater details in the later part of this
chapter with the Nocardia group of microorganisms as examples.
It was found that the extent of growth of microorganisms measured by the quantity of
biomass produced after a month of incubation was higher with media containing 3%
glucose than those containing 0.5% glucose. The least extent of growth of biomass
was found with NBR samples as test substrates. It was mainly due to the presence of
leachable antimicrobial additive at a level exceeding its minimum inhibitory
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concentration. This effect was similar to those observed under the agar plate
technique. Although the weight change of samples before and after incubation was
small. There seemed to be a trend that the weight losses of the evaluation and control
samples were a function of their surface areas. The weight change increased with
increasing surface area.
5.4.1.2 Dynamic test A2 and Static test 02
Glucose was omitted from the test media in order to provide a clear distinction
between:
i) the interaction of rubber samples and microorganisms and
, ii) the combined effect of interaction between rubber samples and
metabolite by-products (generated from utilisation of glucose) and
interaction of rubber samples and microorganisms.
Upon the successful development of the static test for rubber I streptomyces system
(with frequent renewal of test media), similar test procedures with a slight
modification in the frequency of changing media and the amount of substrate per ml
of medium were adopted for the static and dynamic tests for rubber I fungus systems.
The media were renewed and reinoculated every 4 and 6 weeks for dynamic and static
experiment respectively. This would remove leachable antimicrobial additives and
metabolite by-products from the test media. Generally, filamentous fungi would take
a longer time to develop and hence the period chosen to change and reinoculate the
media was longer than that of Rubber I Actinomycetes systems.
5.4.1.3 Static vs dynamic test
A shaking speed of 160 rpm was used in the dynamic test and results were compared
with those from the static test. It was found that the high agitation speed did not
improve the interaction between rubber samples and the microorganisms. There was a
higher weight change of control samples under dynamic than static test conditions.
The results for the evaluation samples were reversed.
The high agitation speed increased the amount of dissolved oxygen in the medium as
well as the rate of extraction of leachable antimicrobial additives from the rubber
samples. It also reduced the opportunities for the microorganisms to establish
themselves on the surface of the samples. From the results obtained, it indicated that
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even with EP samples containing no leachable antimicrobial additives, the extent of
weight change under dynamic conditions was smaller than that under static
conditions. Thus, in this case, it appeared that the ability to colonise the surface of
the samples was the major factor affecting the interaction between the rubber samples
and the microorganisms.
Once the facts were established, the static test was used to screen the activities of
various fungi against the rubber samples. From the results obtained, it was found that
the net weight loss of various rubber samples tested over 12 weeks of incubation time
was in the range of 0.09 to 2.28% Among them, it appeared that the biological
activities of fungi against various rubber samples could be divided into two groups.
Overall Penicilliumfuniculosum, Aspergillus niger and Paecilomyces variotii were
much more active than Trichoderma viride and Aureobasidium pullulans towards
rubber samples. The availability of carbon sources on the rubber surface for
Trichoderma viride and Aureobasidium pullulans could be less than that of
Penicillium funiculosum, Aspergillus niger and Paecilomyces variotii. The agar plate
test showed that EP contained no leachable antimicrobial additives. When EP sample
was tested against Trichoderma viride and Aureobasidium pullulans, the weight
change was less than when it was tested against Penicillium funiculosum; Aspergillus
niger and Paecilomyces variotli. Thus, one could confirm that the effect of lower
weight change could not be due to the effect of leachable antimicrobial additives but
was rather the lack of availability of carbon sources in the rubber samples for
Trichoderma viride and Aureobasldium pullulans.
The amount of weight change of samples caused by the interaction with fungi was
quite low, indicating that the samples were not very good carbon sources for the
growth of fungi. Hence no further experiment was carried out after the initial
screening test.
5.4.2 Tests for rubber I streptomyces systems
5.4.2.1 Dynamic tests C1and C2
i) Surface disinfection
Contamination of test media by fungus spores was the initial problem in setting up the
experiment. Attempts to overcome it by reducing microbial contamination on the
surface of the samples with 70% ethanol were not successful. Any agent (e.g.
chlorination, formaldehyde, UV irradiation, ozone etc) that inactivates all
microorganisms is likely to affect the rubber samples.
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ii) Addition of fungicide
An effective mean of controlling fungus contamination in the test media was
recommended in ASTM 021. It was found that by incorporating 0.1 gil of
cycloheximide in the test media could stop fungus contamination up to 102 spores per
ml of test medium. Hence this practice was introduced throughout subsequent
experiments.
5.4.2.2 Dynamic test C3 and Static tests 01
The ability of the microorganisms to colonise the rubber samples was rather poor
under dynamic conditions as compared to those conditioned under static conditions.
Although high speed of agitation increased the oxygen level in the medium, it also
increased the rate of extraction of antimicrobial additives from the rubber samples and
the shear force might also prevent the microorganisms from colonising the rubber
surface. Hence the overall effect of high speed of agitation did not improve the
activities of the microorganisms. It was observed that S. lipmanii grew very well on
rubber samples after 72 hours of incubation time under static conditions.
5.4.2.3 Dynamic test C4
Cleaning the surface of rubber samples with acetone: gave very inconsistent results.--._-.,-- 4_
The method of cleaning is not suitable for rubber samples as it tends to extract out
some components in the formulations; also there is a reduction of organic nutrients
(oils and waxes) on the surface of the samples. This was confirmed by comparing the
weight change of control samples between those pre-cleaned with acetone and those
pre-cleaned with deionised water.
The weight change of evaluation samples under the dynamic test was smaller than
that encountered in the static test. This could be due to the following:
a) the amount of the available nutrients on the rubber surface could be
partially removed by acetone.
b the high amount of the leachable antimirobial additives in the media
suppressed the activities of the microorganisms.
c) the agitation might reduce the ability of microorganisms from becoming
established on the surface of the samples.
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5.4.2.4 Streptomyces Iipmanii as test organism
It has been reportedv= that S. llpmanil was one of the microorganisms implicated in
degrading vulcanised NR compounds. However, under laboratory conditions, a pure
culture of S. lipmanii did not seem to be much more aggressive in affecting the
weight change of rubber compounds than the fungi. Could it be that the process
involved in deterioration of NR vulcanisates under the field conditions was not purely
biological or the strain used in our pure culture experiment did not possess enzymes
similar to those found in the field capable of breaking down the vulcanisates? So far
there has not been any work done by other researchers to verify that a pure culture of
S. lipmanii is capable of degrading NR vulcanisates.
Under the static test conditions, the pure culture of S. lipmanii did not demonstrate
strong interaction with the rubber samples. The strain used might not be the right
organism for the work thus no attempt was made to repeat the dynamic test of
Rubber/S, lipmanii system without precleaning with acetone.
5.4.3 Tests for rubber I nocardia systems
Using the static test (02) developed for rubber I streptomyces system, three Nocardia
species were tested and found to be capable of reducing the rubber sample weight by
up to 6% within 12 weeks of incubation. Hence more work was carried out to study
the effect of test conditions on their interaction with rubber samples. The
reproducibility and repeatability of the testing procedures were also verified. To study
the effect of compounding ingredients on biological activities of test organisms,
bioassay tests were also conducted on individual additives and vulcanisates of NR
and SBR. Confirmation of the presence of leachable antimicrobial additives in rubber
samples was carried out on the inoculated agar plate technique.
5.4.4 Reproducibility and repeatability studies
The test procedure developed proved to be very reproducible and repeatable. The
coefficients of variation (measurement for reproducibility) in a test under static
conditions for the evaluation and control samples were less than 1.0% and less than
4% respectively. The difference in the average gross weight loss between two tests
(measurement for repeatability) for the evaluation and control samples were less than
0.2% and 0.01% respectively. The variability of results from dynamic tests were
slightly higher. The coefficients of variation for evaluation and control samples were
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2.5% and 4.0% respectively. The difference in the average gross loss between two
tests for evaluation and control samples were 0.5% and 0.05% respectively.
5.5 Bioassay of additives
The aim of bioassay of additives was to provide preliminary information about the
classification of an additive i.e. whether it was bioinert, pro- or anti-microbial. The
test was by no means confinnative; in many cases, additives (eg. accelerators) would
change their chemical structure after mixing and curing processes. To have a more
realistic picture about the influence of additives in rubber formulations on the
interaction between rubber vulcanisates and test organisms, static tests were carried
out on a series of compounds of NR and SBR which were formulated by either
including or excluding a certain ingredient or ingredients in them. To differentiate
the contributing factors between base polymer and additives towards biological
activities of the samples, tests were also carried out on gum vulcanisates and
complete formulations of ES, EP and NBR. The details will be discussed later in this
chapter.
From bioassay. it was found that high aromatic oil, paraffinic oil, stearic acid,
microcrystalline wax and zinc stearate were promicrobial agents. They could be
either totally or partially utilised as carbon source for the growth of the test organisms
Nocardia asterlodes NCIMB 12082. Nocardia sp NCIMB 12811 and 12814. Only
Nocardia sp. NCIMB 12811 showed some interaction with dioctyl phthalate (DOP).
All the fillers used in the rubber samples were found to be inert to all the Nocardia
spp. tested. There was some interaction of PEG 4000 with Nocardia sp. NCIMB
12811 and 12814 but not N. asteroides NelMB 12082.
Similar work was reported by Williamss! who studied the effect of powdered and
liquid rubber additives on the growth of soil microorganisms by three different assay
techniques. Fillers were uncolonised by soil microorganisms but several plasticisers
and processing aids. including stearic acid, salicylic acid, paraffin wax, pine tar and
golden factice did support mould growth. The microorganisms isolated, included
Penicillium pinophillum, P. variabile, Aspergillus ustus and A. niger. Two species of
Bacillus were found to grow on dioctyl sebecate and dioctyl phthalate.
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5.6 Minimum i~nhibitory concentration (MIC)
Comparing photographs of the complete agar plates containing different levels of
antimicrobial additive with one containing no antimicrobial additive provided an
indication of the minimum inhibition concentration of a particular additive against a
particular microorganism. In many cases although the level of the antimicrobial
additive might not be adequate to stop the growth of microorganisms, it did reduce
their activity. This was shown by a reduction in the population of colonies on the
agar plates.
Many of the curing additives such as TMTD, MBT, CBS, ZnO, S, MBTS and
CuDMC were antimicrobial but their effectiveness varied; TMTD, MBT, and CBS
were the most active agents and whereas MBTS, S, ZnO and CuDMC were less
effective. ZDBC was not antimicrobial. The effectiveness of an antimicrobial additive
also depended on their solubility in the test medium. Most of the additives, except
ZnO, Sand MBTS could be dissolved in either ethanol or acetone. This allowed them
to be well dispersed in the agar medium. MBTS, Sand ZnO were dispersed in the
media in the form of a fine suspension. This might affect their ability to function as
effective antimicrobial additives. Generally, copper salts were good antimicrobial
agents. CuDMC and ZDBC were supplied in the form of masterbatches, the
polymeric carrier was insoluble in common solvents such as ethanol, acetone and
ethyl ether. Although CuDMC was a copper salt, it did not provide a strong
antimicrobial activity in the masterbatched form; only a small zone of inhibition was
observed when tested against Nocardia asteriodes NCIMB 12082 and Nocardia sp,
NCIMB 12814. Among the three antioxidants (N-(1,3-dimethylbutyl)-N'-phenyl-p-
phenylenediamine, octylated diphenylamine and polymerised 2,2,4-trimethyl-l,2-
dihydroquinoline) tested, only 6PPD worked as an effective antimicrobial agent.
Williams'! in his studies on the toxicity of additives against soil microorganisms
found that TMTD, TMTM and MBT were highly toxic; MBTS, CBS and ethylene
thiourea were moderately toxic, ZnO was slightly toxic; . and zinc
diethyldithiocarbarnate was hardly toxic at all; similar to flowers of sulphur, TMQ,
ODPA and 4-methyl-6 (dimethylcyclohexyl)-phenol were non-toxic.
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5.7 Screening of leachable antimicrobial additives in rubber
compounds
From the experimental programme, it was found that rubber compounds NRX, EPX
and EPCF contained no leachable antimicrobial additives whereas clear zones of
inhibition were formed around the edge of rubber samples NRCF, SBRX, SBRCF,
ESX, ESCF, NBRX and NBRCF.
From the rubber formulations and MIC studies, it indicated that the possible
antimicrobial activities of :
i) NRCF was mainly contributed by 6PPD (the amount of TMTD used was
too small and probably consumed in the vulcanisation stage, hence no
inhibition zone was shown with NRX sample)
ii) SBRX was contributed by the reaction products of TMTD and CBS
from the vulcanisation process
iii) SBRCF was contributed by reaction products of TMTD, CBS and
possibly 6PPD
iv) ES and ESCF were contributed by the reaction products of MBT and
TMTD from the vulcanisation process
v) NBRX was contributed by the reaction products of TMTD and MBTS
from the vulcanisation process
vi) NBRCF was contributed by the reaction produts of TMTD, MBTS from
the vulcanisation process and 6PPD.
5.8 Factors affecting biodeterioration
The biodeteriorability of the five rubber compounds was studied against Nocardia sp..
It was found that besides the physical dimensions, types and formulations of rubber
compounds: test conditions such as temperature, agitation speed, pH: amount of
rubber sample used per unit volume of test medium and renewal or non-renewal of
test media also played an important role in affecting the activity of microorganisms
towards the rubber compounds.
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5.8.1 Effect of agitation speed (in orbital motion)
The main purpose of increasing the agitation speed of the orbital incubator was to
increase the oxygen level in the test medium and enhance the interaction between the
substrate and the microorganisms. A high agitation speed was essential, especially
when the test substrate was a viscous liquid such as oil; itwould break the layer of oil
on the surface of the liquid medium into droplets and prevent the situation developing
into the anaerobic condition. It was found that high a speed of agitation (160 rpm)
reduced the ability of fungi from colonizing the surface of the samples and hence the
extent of interaction between the fungi and the rubber compounds.
By converting to dynamic conditions, it was found that there was an improvement in
the biological activities (an increase in the weight change) and an increase in the rate
of extraction of the rubber samples (measured by the weight change of the control
samples). This improvement was only limited to low speed of agitation. When the
agitation speed increased from 50 to 110 rpm, the increase in weight change was
marginal with Nocardia asteroides NCIMB 12082 but not with Nocardia spp.
NCIMB 12811 and 12814. With both of these, a reduction in weight change was
experienced when the speed was increased from 50 to 110 rpm. The reason for this
might be due to the interference of the high speed of agitation on the ability of
microorganisms to colonise the surface of the rubber samples but not the
accumulation of antimicrobial additives in the test media since a similar phenomenon
also happened with the rubber sample (EP) containing no leachable antimicrobial
additives. Hence it was believed that the frequent change of test media had prevented
the build up of antimicrobial additives beyond the minimum inhibition concentration
for the growth of microorganisms. Nocardia asteriodes NeIMB 12082 was less
sensitive to the change of agitation speed up to 110 rpm than Nocardia sp. NCIMB
12811 and 12814.
5.8.2 Effect of incubation temperature
The biological activities of the microorganisms and the extractability of the rubber
samples are both influenced by the test temperature. The useful range of temperature
near the optimum is often quite narrow, and the maximum temperature range for
growth is only a few degrees (3 to 5°C) above optimum. In contrast, the minimum
temperature for growth may be 20 to 40°C below the optimum (Gerhardt=). It was
found that the optimum temperature range for the growth of Nocardia sp 12814 was
rather narrow. It was in the range between ambient (17 to 25°C) and 30°C. The
microorganism grew poorly at 33°C. The solubility and diffusivity of an additive in
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the rubber compounds at a particular temperature were determined by its molecular
weight, chemical structure (symmetrical or non-symmetrical) and compatibility with
the rubber polymers". The amount of additives being extracted (measured by the
weight change) from the control samples was higher at ambient and 33°C than at
30°C. This could be due to the fact that at a lower temperature (ambient), additives
were less soluble in rubber polymers and at a higher temperature the rate of diffusion
of additives from the rubber compounds was higher. The weight loss of control
samples at a particular temperature was the net effect of these two factors.
5.8.3 Effect of pH (hydrogen ion concentration)
Besides agitation speed and incubation temperature, the pH of the test medium was
also found to be very important in affecting the rate of extraction of additives from
the rubber samples and the biological activities of microorganisms. A shift in the pH
from neutral to alkaline caused an increase in the weight loss of the control samples.
There was also a reduction in the net weight loss of samples containing leachable
antimicrobial additives such as sulphur-cured EPDM, SBR and NBR samples.
It was clearly demonstrated that microorganisms could tolerate a pH 8.0 test medium
provided it contained no antimicrobial additives or the level of antimicrobial additives
in it was below the minimum inhibition concentration for the growth of
microorganisms.
5.8.4 Effect of sample weight and test procedure used
The activities of the microorganisms were found to be very sensitive to the amount of
rubber samples added to the test medium except with samples such as EP which did
not contain leachable antimicrobial additives.
5.8.4.1 Non-renewal of test media
An increase in the sample weight of NR, ES and NBR compounds added (from one to
five washers) to the test media resulted in a decrease in the weight change of the
rubber samples. The effect was mainly due to the increased in the concentration of
leachable antimicrobial additives in the test medium which depressed the activities of
microorganisms.
In the case of SBR, an increase in the sample weight added to the test media produced
a set of mixed results; one experienced an increase in weight loss and the other
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experienced a decrease in weight loss. This could be due to the difference in the
concentration of leachable antimicrobial additives in the two test media. The amount
of antimicrobial additives in the first instance was below the inhibitory concentration
and hence it did not affect the biological activity. The reduction in the weight loss of
the second set was due to the suppression of growth by the antimicrobial additives.
In the absence of leachable antimicrobial additives in the test media, the quantity of
sample added (up to five washers) did not alter the biological activity. It was
demonstrated with EP compounds.
5.8.4.2 Frequent renewal of test media
Similarly, an increase in the sample weight used resulted in a decrease in the weight
loss of samples of NR, SBR, ES and NBR; but not of the EP compound.
5.8.4.3 Low sample weight
When one sample was added and the test media were not renewed frequently, the
biological activities were higher (higher weight loss) with ES and EP but not with
NR, SBR and NBR compound. The amount of leachable antimicrobial additives in a
sample of ES might be too low to be effective in suppressing the biological activities
but not in the case of NR, SBR and NBR.
5.8.4.4 High sample weight
It appeared that the amount of leachable antimicrobial additives from 5 pieces of
rubber samples of NR, SBR, ES and NBR was too high to be tolerated by the
microorganisms even with frequently changed media, within a 12 weeks testing
period.
The amount of EP samples used per test flask made no major difference in weight
change under the same test procedure, except that without frequent renewal of test
media there was a higher amount of weight change after incubation than that for
frequent renewal of test media.
5.8.4.5 Variability of results
When only one washer was added to the medium, the variability of readings between
washers under the test procedure with frequent renewal of the media, was smaller.
When 5 pieces of samples were added per flask, the spread of readings within the 5
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pieces of washers was small irrespective of the test procedure used. But the
difference in the average results between two sets of samples was higher when the test
procedure of non-renewal of the media was used.
5.8.5 Effect of incubation time
After 12 weeks of incubation, the rate of weight change of samples was lower but not
zero. The magnitude of change varied according to the types of rubber compounds
and microorganisms employed, the following are some possible explanations for this
behaviour:
i) Depletion of easilyconsumedorganic nutrients
It was expected that there would be a depletion with time of easily consumed organic
nutrients such as wax, oil and fatty acid soap from the surface of the rubber. The rate
of diffusion of these additives to the surface from the interior was slow; hence the
amount of weight change would be smaller unless other alternative carbon sources
were present to promote the further growth of microorganisms.
ii) Build up of dead or inactive cells
Other factors under the current test conditions might also not favour the
biodeterioration of these samples, such as the lack of organic supplements in the
liquid medium to maintain the viability of the microorganisms. At a certain stage of
the biodeterioration process, the level of availability of organic nutrients on the rubber
surface would be low and the microorganisms might get into the stationary or decline
phases. The build up of dead or inactive cells would prevent the active cells from
gaining access to the rubber surface and also reduce the availability of oxygen for
growth. These would reduce the biological activities, whereas if natural water such as
river water was used as test medium, it would have an abundance of organic nutrients
to maintain the viability of the microorganisms.
iii) Testenvironment
Some of the river waters, such as the Thames and Itchen, are alkaline in nature which
would promote more leaching of promicrobial additives and possibly hydrolytic
degradation of ester plasticisers such as DOP. At the same time, it is possible that
microorganisms which are capable of degrading DOP are present in the river water.
The combination of these two factors resulted with a mass weight loss of NBR
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compounds under WRC test conditions but not under the milder test conditions used
by LUT.
Although oOP was found to be susceptible to attack by Nocardia sp. NCIMB 12811,
this did not translate into a high weight loss of the NBR vulcanisate. This could be
due to the slower rate of attack by the microorganisms and the poor extractability of
oOP under neutral conditions.
Most microorganisms could not utilise solid substrates such as the rubber polymer, as
organic nutrient directly. It required them either to secrete the required enzyme or
(and) to rely on an external means such as oxidation to assist in the break down of the
giant polymer molecules into smaller manageable fractions which are able to diffuse
through the cell membrane for growth.
Inorganic metal ions such as Cu, Fe and Mn are commonly found in natural water.
The presence of these would promote oxidative degradation of rubber compounds
which would facilitate the process of biodeterioration. It would be easier for the
microorganisms to attack the oxidation products than the intact rubber polymer main
chain. Cundell and Mulcock and Hill4s found that by adding a pro-oxidant (copper
sulphate) to the rubber formulation increased the carbon dioxide evolution (or an
increase in oxygen uptake). The results were measured by respirometry and they were
compared with control sample and samples containing antioxidants. All the samples
used for measurement were taken from a Leeflang's test bath at 60 days intervals for
18 months. The results indicated that there was an increase in the amount of oxygen
uptake; this could be due to an increase in the biological or oxidation activities of the
samples (it is very difficult to differentiate the individual contributions to the total
amount of oxygen uptake).
The process of breaking down heavily filled and highly crosslinked vulcanisates in
the presence of antimicrobial additives either by enzymatic reaction and/or through
oxidative degradation could be very slow. It was because oxidative degradation by
promotors (metal catalysts) had not occurred and the sample was not pretreated to
create swelling of polymer network for the ease of penetration of the microorganisms
and their enzyme molecules to ease the attack by microorganisms.
The mechanism of utilization of rubber polymer by microorganisms is highly
controversial and will be discussed later.
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iv) Carbon black loading and crosslinking
The presence of the rubber-carbon black structure and crosslinked network of the
polymer would be the obstacles which prevents the penetration of microbial enzymes
to gain access to the easily consumed organic nutrients.
5.8.6 Effect of physical dimensions
It was observed that the amount of leaching of additives to the media was a function
of the surface area of the test specimen. The sample weights of the 2mm thick washer
and the 0.35mm thick strip were similar but the surface area of the 0.35mm thick strip
was very much larger. It appeared that samples with a larger surface area experienced
more leaching of additives to the test media except NR samples.
The unexpectedly low weight loss of the control samples of 0.35mm thick strip of NR
compound could be due to :
a) differences in the state of cure between thin and thick samples
Both of them are moulded under similar cure schedules but at different
locations: The 0.35mm thick sheet was moulded at LUT whereas the 2mm thick
sheet was moulded at Hepworth plc, The detailed processing conditions used
might not be similar. Hence the state of cure of 0.35mm and 2mm thick
moulded sheet might be different which could affect the rate of leaching of
additives from the samples and the magnitude of the weight change.
b) the ratio of the area of the moulded surface to the area of the cut surface.
The presence of bloomed wax on the moulded surface would act as a barrier to
prevent contact between the leachable additives and the liquid medium, thereby
reducing the rate of leaching of additives, whilst the freshly cut surface would
have a higher rate of leaching with less protection provided by a thinner layer of
bloomed wax.
The higher rate of leaching of additives from the 2mm thick washers was supported
by bioassay studies. It showed that the 2.0mm thick sample of NR compound
produced a larger zone of inhibition against microorganisms than a 0.35mm thick
sample. It appeared that a thicker specimen might be able to supply antimicrobial
additives continuously to the agar surface (reservoir effect) to suppress the growth of
microorganisms. The amount of antimicrobial additives leached from the thin sample
was smaller.
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Overall, the extent of weight change increased with increasing surface area of the test
samples except ES compounds. This could be due to the ease of extraction of oil
(nutrient) from the ES samples and hence the extents of weight loss between thick
and thin specimens were similar.
5.8.7 Effect of rubber formulation
The basic characteristics of each additive in terms of their biodeteriorability and
biocidal activities have been demonstrated in the bioassay and MIC studies. Their
impact on the biodeteriorability of the rubber vulcanisates was partly demonstrated in
this project and also confirmed by done by Simpson», William", Tsuchiiw and
Reszka=.
The unprotected gum vulcansates of NR and SBR were more prone to biological
attack than acrylonitrile butadiene and sulphur-cured EPDM rubber compounds.
Peroxide-cured EPDM rubbers were almost bioinert. Among them, NR and EP gum
vulcanisates were most sensitive to oxidation. The surface of NR rubber samples after
exposure to media inoculated with Nocardia sp 12811 and 12814 but not Nocardia
asteriodes NCIMB 12082 were found to be heavily pitted (visible to the naked eye).
It was a clear indication of biological attack of the samples and very likely that
Nocardia spp. NCIMB 12811 and 12814 possessed the required enzymes to assist the
microorganisms in utilizing vulcanised or oxidised vulcanised NR gum compounds
for growth.
5.8.7.1 Effect of curatives
i) Effect of curative concentration (curative residues or their reaction by-
products)
Besides the MIC studies, the biocidal effect of curing agents in crosslinked polymers
was shown on the agar plate test. Crosslinked NBR, SBR and ES gum rubbers
contained high levels of the reaction products of accelerators such as TMTD and
MBT were characterised by a large zone of inhibition whereas no zone of inhibition
formed around gum NR and EP vulcanised when tested against Nocardia asteroides
NCIMB 12082,Nocardia sp. NCIMB 12811 and NCIMB 12814. The biocidal effect
was mainly due to the presence of residues of various curatives or the reaction by-
products of curatives. Cundell and Mulcock= also found that the presence of curative
residues (Zinc dimethyldithiocarbamate) with known microbiocidal activity does
affect the rate of biodeterioration.
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Similar observations were also made by Williamsv in his work on NR vulcanisates
with various formulations. Using soil burial technique he found that:
i) microorganisms preferentially attacked the stearic acid content of
vulcanised rubber.
ii) the zinc oxide concentration (up to 10 pphr) used in the study did not
have a great effect on microbial deterioration of vulcanised rubber.
iii) sulphur content could greatly influence microbial attack. A low level
(0.5 pphr) allowed rapid growth and colonisation, but with increasing
loading, this deterioration decreased until at high loads (up to 4 pphr) no
significant deterioration occurred.
iv) TMTD at high concentrations(4 pphr) gave complete protection to the
rubber from microbial attack.
v) MBTS (3 pphr) and CBS (2 pphr) reduced microbial attack to a very low
level.
vi) MBT was not a particularly effective biocide.
Tsuichiiw carried out his work on pure culture (Nocardia sp. strain 815) and found
that the higher the content of sulphur or CBS, the less the weight loss of NR
vulcanisates after microbial attack. The weight losses of all the samples examined
were in good inverse correlation with the crosslink densities, regardless of the content
of sulphur or CBS.
Respirometry tests carried out on NR vulcanisates by Cundell et. al4s also found that
an increase in sulphur level in the NR vulcanisates reduced the biological activity
(less oxygen uptake was measured).
It appeared that the concentration of curative residues and/or reaction by-products of
curatives and crosslink density could be considered as important limiting factors of
the resistance of vulcanisates to microbial attack.
5.8.7.2 Effect of antioxidants
The presence of antioxidant in the NR and SBR vulcanisates did reduce the extent of
biodeterioration but did not prevent it completely. It was also reported that types and
92
concentration of antioxidants were important in affecting the resistance of rubber
vulcanisates against biological attack and not all the antioxidants were biocides.
Cundell and Mulcock'? postulated that the presence of antioxidant might protect NR
vulcanisates from biodeterioration by preventing the chemical oxidation of the rubber
hydrocarbon or interfering with the enzymic attack on the natural rubber by the
microorganisms. Santoflex 1 3 (N - ( 1,3-dimethyl butyl l-Nvphenyl-p-
phenylenediamine) and Santoflex 77 (N, N'-Bis{ 1,4-dimethyl pentyl l-p-phenylene
diamine) with high resistance to leaching were active in preventing microbiological
attack of NR vulcanisates whilst the reaction product of rubber and
nitrosodiphenylamine, a network-bound antioxidant which overcame the leaching
problem was ineffective. This could be due to the fact that the bound p-
phenylenediamine antioxidant was unable to migrate to the surface of the rubber
sample to interact with the microoganisms and thus restrict the biodeterioration
process.
Simpson» found that unprotected NR vulcanisates were most prone to deterioration in
raw river water inoculated with degrading rubber. By incorporating antioxidants such
as Perman ax BL (Diphenylamine-acetone condensation product), Permanax EXP
(Phenol-aldehyde product), Flectol H (Polymerised-2,2,4-trimethyl-l,2-
dihydroquinoline), and a combination of Flectol Hand Santoflex 77, with or without
the addition of chlorinated wax, the weight loss of NR vulcanisates was reduced in
inoculated raw river water. Specific antioxidants, (not disclosed) especially the less
water soluble, were found to provide partial protection to natural rubber vulcanisates
against biodeterioration.
Williams" found that antioxidants (TMQ, ODPA and MDP) did not protect the
rubber formulations (unfilled) against attack by soil microorganisms.
5.8.7.3 Effect of oil and filler
Replacing part of the rubber (NR and SBR compounds) with carbon black and oil
reduced the overall weight loss. From the bioassay of additives, it was found that the
high aromatic and paraffinic oils used were either fully or partially biodegradable
whilst carbon blacks were bioinert. From this qualitative assessment, one could
confirm that oil was one of the contributing factors to the weight loss of a carbon
black and oil loaded compound. Williams", Reszkav and Tsuchii'" found that carbon
black loading especially at high concentration (at 70 pphr) can protect a vulcanisate
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from attack by microorganisms. Tsuchiiv also observed that the specimens with HAF
grade carbon black loading were more resistant than those with SRF grade.
It was observed that addition of calcium carbonate as a filler did not affect the
microbial degradation and in some cases slightly enhanced it (Tsuchii>, Cundell and
Mulcock's) reported that an increase in the crosslink density of clay filled vulcanised
NR samples did not alter the rate of microbiological degradation.
5.8.7.4 Effect of wax and processing aid
By incorporating wax and antioxidant into NR F4 and SBR F9, it appeared that the
presence of antioxidant did not suppress the biological activities but the promicrobial
additive microcrystalline wax had increased activity.
It was reported that rubbers containing paraffin wax and low level of accelerator
supported very heavy microbial growth, however paraffin wax and a high accelerator
concentration in the rubber was found to decrease the amount of damage caused by
soil microorganisms", Only chlorinated waxes incorporated in natural rubber
formulations could provide partial protection of vulcanisates against
biodeterioration.17•39,s2
5.8.8 Effect of pure and mixed cultures
The main aim of this experiment was to determine whether or not the use ofa mixed
culture of microorganisms would produce a synergistic effect in biodeterioration. The
results obtained indicated that a mixed culture system did not increase the
biodeterioration beyond that of the pure culture of Nocardia sp. NCIMB 12811.
5.8.9 Effect of physiological form of the culture
The interaction between microorganisms and a rubber compound (containingd no
leachable antimicrobial additives) and the resistance of microorganisms against
leachable antimicrobial additives appeared to be influenced by the nature of the
inoculum. A filamentous inoculum appeared to be more active than a spore inoculum
in utilising available carbon sources from a rubber compound such as EP sample,
which contained no leachable antimicrobial additives. But a spore inoculum appeared
to be more resistant against leachable antimicrobial additives than a filamentous
inoculum. This was demonstrated by a higher weight change of the NBR sample
after 12 weeks of incubation under static conditions.
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Chapter 6 · Discussion on British Standard
procedure against new test
procedure
6.1 BS2494:1990 Appendix Bmethod of test for microbiological
deterioration
This is a continuous test with a source of river water as test medium having the
following characteristics:
a) a dissolved oxygen level of' > 60%
b) a biological oxygen demand (BOD)-~i-~S 8.5 mg/l
c) an ammonia content, as ammonium ions, ors 0.9 mg/l '
Inoculation of the test medium was carried out by suspending a biodeteriorated
sealing ring in a header tank. The inoculated river water was then introduced into a
test tank. Rectangular rubber samples (140mmx20mmx2mm) were strained 10% and
mounted on stainless steel frames before being introduced into the test tank. The
oxygen level in the test tank was increased by constantly bubbling air through a
multiple outlet manifold. The test temperature was maintained at 23± 2°C. A set of
control samples were kept at room temperature in a sealed envelope. The samples
exposed to inoculated raw river water for 6 months, were cleaned ultrasonically and
dried in an oven, preset at I05°C for 2 hours. They were weighed after cooling in a
desiccator, for one hour.
,6.2 Proposed test procedure (developed in this programme)
A chemically defined medium was used. No other carbon source except 'an
unstrained 2mm thick washer shape rubber sample was added to a 250ml conical
flask containing the test medium. The test medium was inoculated with a pure culture
of Nocardia sp. (either Nocardia asteriodes NCIMB 12082, Nocardia sp 12811 or
Nocardia sp NCIMB 12814). The test was performed under static conditions. A
slow rate of shaking in orbital motion (not more than 110 rpm) was used if a higher
level of oxygen was required. The test temperature was preset at 28 ±2°C and the pH
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of the test medium was maintained at 7.0 ± 0.1. The test medium was renewed and
reinoculated every three weeks. A set of control samples was treated under similar
incubation conditions with the exception that the test medium used was a sterile
deionised water instead of mineral salts solution. After a predetermined incubation
period, the samples were cleaned ultrasonically and air dried at room temperature for
24 hours. They were weighed after being kept in a desiccator under ambient
conditions for a month (or until constant weight had been achieved).
6.3 Comments
i) SS 2494 : 1990 Appendix S
It is also very likely that there are many rivers which do not comply with the BS
2494: 1990 requirements for the quality of water to be used as a test medium. Hence
this suggests that the method of test is restricted and can not be carried out world-
wide.
The quality of raw river water can vary from day to day and it is virtually impossible
to find two rivers which have the same chemical constituents. Hence it is very likely
that experiments conducted at different test sites would produce different results.
This was demonstrated by tests carried out by WRC based onBS 2494:1990, at three
test sites (Medmenham, Plymouth and Southampton)», Even if the test is carried at
the same test site but at different seasons, one may get different sets of results.
The pH value is not specified in the Standard. It is critically important as the rates of
extraction of additives from the rubber compounds are highly sensitive to pH. It
would also affect the ability to support the growth of micoorganisms. In' some cases
they may also affect the hydrolytic stability of some of the additives used in the
rubber formulations especially when the test is conducted under alkaline conditions.
The biological activities are also influenced by pH of the test medium. In the case of
river water, a low or high pH might create a favourable environment for the growth of
some microorganisms but not others.
The pH of the raw river water is not constant and can vary from time to time. For
example, the pH of the Thames at Cookham Bridge can be as high as 8.7 and as low
as 6.7. (Appendix 4). This variation would change the extraction rate of additives
from the rubber compounds, the. biological activities and hence the rate of
biodeterioration.
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No reference is given in BS 2494 on the type of rubber compound used in the
degraded sealing ring (basic rubber polymer and additives are unknown). It is well
known that the selection of rubber polymers and additives used in the rubber
formulation would determine the range of microorganisms capable of growing on
them. For example if a degraded NBR compound is used as an inoculum, it mayor
may not be able to utilise other rubber polymers as carbon source for growth. Without
providing the required information the test results obtained may be misleading.
A wide range of inorganic ions including those strong pro-oxidants such as copper
ions are found in river water (Appendixi 4). They may assist in the break down of
rubber polymers. An oxidised rubber polymer is more prone to attack by
microorganisms. Hence the test conducted under BS 2494: 1990 conditions may be a
combination of oxidative and hydrolytic degradation and biodeterioration.
The type of control samples used inBS 2494:1990 does not compensate for leaching
of additives from the rubber samples. The weight change of sample measured the by
BS 2494:1990 procedure represents not only the weight loss due to deterioration of
the rubber samples by biological and non-biological activities but also the leaching of
I additives from the rubber compound. The significance of a 3.5% weight change of the
sample as the acceptance level in the specification may need reconsideration.
The cost of setting up and monitoring is high.
The advantages of testing samples based on BS 2494 are:
a) It represents the biodeterioration performance of the sealing ring under
practical conditions closer to field experience than the previous work.
b) The continuous flow process used in BS 2494 reduces the risk of build
up of toxins due to leaching of antimicrobial additives from the rubber
compounds and/or the metabolites generated from the utilisation of
carbon sources by the microorganisms.
c) The presence of mixed cultures in the river water might provide a greater
opportunity for the attack of various types of rubber polymers and
additives.
d) The viability of microorganisms on the rubber samples is much more
easier to maintain in raw river water than in a chemically defined
medium with rubber samples as the sole carbon source. The organic
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nutrients supplied for the growth of microorganisms can come from the
rubber samples as well as the raw river water.
ii) Proposed procedure
It is not difficult to maintain the consistency of the quality of the test medium used by
LUT. A buffered mineral salts solution is used for which the pH will not change very
much over the entire incubation period (moreover the test medium was renewed at
regular intervals).
Under the proposed test procedure,
a) Strong pro-oxidants such as copper ions were not present in the test
medium.
b) The pH of the test medium was neutral (pH 7.0).
c) No additional carbon source was introduced.
d) A set of control samples was used to compensate for any weight change
due to leaching of additives.
e) A pure culture of either Nocardia asteroides NCIMB 12082, Nocardia
sp, 12811 or Nocardia sp. 12814 was used.
f) Only one sample was added to the test medium in a 250 ml conical flask
to avoid any cross contamination.
g) Drying of samples was carried out under ambient conditions to avoid the
removal of low. volatile components from the rubber compound by
heating to high temperature.
The test results obtained, provided an almost true picture of biodeterioration of rubber
compounds by a specific microorganism. It was also for these mild conditions that the
rate of deterioration of rubber compounds was slow after the initial attack of the more
easily consumed additives from the rubber samples. There was no carbon black
release from any of the specimens tested. It was because there was no external means
to assist the growth of microorganisms and the break down of the crosslinked rubber
polymer through non-biological processes.
The advantages of this procedure:
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a) The test is repeatable and reproducible.
b) It can be performed worldwide.
c) It provides a clear indication of interaction between a particular
microorganism and the rubber compound, the process represents almost
a true biodeterioration of a rubber compound (removed from the
confusion of deterioration of rubber compounds by non-biological
means as well as compensating for physical effect such as leaching of
additives).
d) It is simple in setting up.
e) The running costs are relatively low.
The main adverse comment on the proposed test procedure is that it does not
represent particular field experience.
Under field conditions. the process of deterioration of rubber compound may be very
complex, involving not only biodeterioration but also other non-biological processes
such as oxidative. and hydrolytic degradation.
It is rarely possible to find a pure culture in the marine environment; often a wide
range of microorganisms co-exists which can either be synergistic or antagonistic. To
design a mixed culture similar to those in the raw river water is almost impossible.
It is very difficult to formulate a solution of mineral salts similar to raw river water
since no two rivers have similar composition and concentration of inorganic and
organic salts. The choice of inorganic and organic salts and their concentration in a
Standard could be controversial.
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Chapter 7 : General discussion on
biodeterioration of NR
vulcanisates
7.1 Criteria for biodeterioration
The degradation of NR vulcanisates in marine environments and under soil burial
conditions have been frequently quoted as having been microbial deteriorated.
According to Hueckv. to obtain unambiguous proof of the biodegradability of a
material, the following procedures should be carried out:
i) Observe the presence of microorganisms as a possible cause of the
degradation of the material.
ii) Isolate the potential biodeteriogen(s).
iii) Confirm the biodegradation phenomena by
a) adding the suspected biodeteriogen in pure culture to the
material,
b) running a blank experiment analogous to (a) but without the
biodeteriogen
c) recording any changes in properties of the material; such changes
must be present and manifest themselves in experiment (a) but
not in experiment (b).
d) recording growth, reproduction or other vital activities of the
organisms in experiment (a).
Historically, many cases of biodeterioration of NR vulcanisates reported by
researchers did not comply with the above criteria, although many of them had
isolated and identified the species of microorganism(s) on the degraded rubber
sample. The presence of microorganisms on the surface of degraded samples is not a
direct indication of the mode of deterioration of the rubber sample. Experiments
conducted without control samples under field conditions would have difficulty in
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distinguishing the modes of deterioration. Attempts made by some of the researchers
to conduct the pure culture experiment with previously reported active
microorganisms without much success or some procedures adopted in running the
experiment proved to be controversial. These will be discussed later in this chapter.
To examine the deterioration of NR vulcanisates, one would like to look at the
mechanisms of biodeterioration proposed by some of the researchers in this field of
study and to examine some of the facts associated with the process.
With a better understanding of the phenomenon, hopefully one could provide some
suggestions for future activities toward modifying the BS 2494 test procedures for
biodeterioration.
7.2 Mechanisms of biodeterioration
In recent studiesI6,17,39,49,so,s2,s3, many researchers confirmed that the presence of
Nocardia sp. in the synthetic or natural media would affect NR vulcanisates although
the mechanisms of deterioration are speculative.
There are two schools of thought:
One group of researchers (Leeflang'? and Tsuchii") believed that the breaking down
of the vulcanisates was solely carried out by the microorganisms.
Based on the selectivity of the specific enzyme possessed by Nocardia in utilising
hydrocarbon substrates with similar basic chemical structure as NR polymer ,
Leeflang cited two examples to demonstrate his points
i) It was found that where l-phenyl-decane was utilised, growth was
restricted to Mycobacteria and Nocardia but not Pseudomonas and
Micrococcus when a hydrogen atom at the fourth carbon atom was
substituted by a methyl group (1-phenyl-4-methyldecane). The insertion
of a second methyl group at the same carbon atom (l-phenyl-4,4-
dimethyl-decane) rendered the molecule unavailable to even more
organisms. Thus double methyl-branched hydrocarbon could only be
utilised by Nocardia sp.
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ii) Secondly, it appears that pristane (2,6,10,14 tetramethylpentadecane),
that is, a chain of 15 carbon atoms with a methyl group at every fourth
C-atom, beginning with the second, can be degraded by both
Mycobacteria and Nocardia. Pristane occurs in nature and a similar
methyl branch pattern is characteristic of the hydrocarbon of natural
rubber.
These conclusions support the idea that long alkylene chains, such as those that occur
in natural rubber owing to their particular configuration, could be utilised by means of
enzyme systems found within the Actinomycetales, the order of microorganisms to
which both Nocardia and Streptomyces belong.
Tsuchiiw suggested that the degradation of an NR vulcanisate was achieved through
enzymatic cleavage of the chains in the network structure. The enzyme involved is
believed to be an oxygenase. The proposed mechanism of biodeterioration was as
follows:
rH3 rH3 rH3
-CH2-C=CH-CH2-CH2-cfCH-CH2-CH2-C=CH-CH2 -
+rH3 fIl3 <fH3
-CH2-C=CH-CH2-CH2-C=O + O=CH-CH2-CH2-C=CH-CH2-
Others believed that the attack of natural rubber polymer (unvulcanised) by
. microorganisms such as actinomycetes and fungi was initiated from the chain ends
rather than by cleavage of the polymer main chain for there was no structural change
detected by IR spectroscopy. This observation was reported by Low, Tan and John
and Williams.
The second of group of researchers (Dickensorr'? and Slmpson») believed that
chemical reaction, probably chain scission was the essential prerequisite for
biodeterioration. They believed that microorganisms alone could not break down
large crosslinked polymer networks.
Dickenson" believed that Streptomyces lacked the specific enzyme necessary to break
down polymers of high molecular weight. The attack of natural rubber was most
probably from the chain end of low molecular weight fragments produced by a non-
biological degradation. Even if the microorganism possessed the required
extracellular enzyme capable of dealing with water insoluble substances of small
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surface area (the chain end of polymer), the attack would be very slow as to be
virtually undetectable and in the case of vulcanised rubbers, it could well be blocked
by sulphur crosslinks and sulphur main chain modification. This suggested that a
direct or primary microbiological degradation of the intact natural rubber vulcanisate
molecule would be very unlikely. He suggested that the presence of microorganisms
as a secondary feature which alters the course of degradation it does not necessarily
initiate it.
The attack of NR vulcanisates was a slow process, often having a lag of several
months, even after extensive and visible surface colonisation. It was said to be due to
the slowly developing non-biological changes affecting the rubber vulcanisate and
causing primary (chemical) degradation which may be undetectable and of no
practical significance except that it precedes the secondary biological degradation and
that these changes require a variable time, dependent on the local conditions and the
nature of the vulcanisate formulations (Dickenson").
7.3 Some comments on the two schools of thought on
biodeterioration of NRvulcanisate
7.3.1 Leeflanq's proposal
The concept of selectivity of the specific enzyme in breaking down hydrocarbon of
short chain low molecular weight substrate is well known. In many cases
microorganisms can utilise low molecular weight substrates such as paraffin's of
molecular weight below 500 but not paraffins with molecular weight above 500 even
though substrates have identical chemical structure except with different chain length.
Similarly commercial polyethylenes were non-biodegradable except for pyrolyzed or
uv irradiated samples. No example was given by Leeflang= on biodegradation of high
molecular weight polymer.
7.3.2 Tsuchii1swork
The mechanism of biodeterioration of vulcanised NR proposed by Tsuchii 16 was
based on pure culture experiments conducted on a very thin sample of vulcanised NR
latex glove against Nocardia sp strain 835A.
The thin sample (0.1 mm) was extracted by acetone and chloroform before being
sterilised by autoclaving (together with the mineral salts solution). A control sample
was used in the experiment to differentiate the modes of degradation. It was reported
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that there was no major change in gel content (only 3% loss) of an uninoculated
control sample after 14 days of incubation, whilst only 25% of the inoculated
evaluation sample was recovered after incubating for the same period of time.
Even if oxidation took place in the uninoculated control sample in the first 14 days, it
might not necessarily lead to a sharp drop in its gel content. The formation of various
types of sulphur and other crosslinks (always associated with a hardening effect)
during the initial phase of oxidation of NR samples would increase its gel content.
The degraded sample was analysed by infrared and H' nuclear magnetic resonance
and C13nuclear magnetic resonance spectroscopy. The chemical structure of the
degraded rubber was identical to by-products from a normal oxidation process. It was
suggested that the NR vulcanisates had undergone biodeterioration. One questioned
the procedures adopted by Tsuchii in the preparation of test specimens. Solvent
extraction of test samples would remove antimicrobial additives (such as antioxidants
and zinc dimethyl-dithiocarbamate from the reaction of TMTD and zinc oxide or
other residues from accelerator system) from the rubber samples and heat sterilisation
of a sample in a mineral salts medium would cause the rubber polymer network to
swell. Both processes would facilitate the attack of microorganisms on the rubber
sample. The heating of a rubber sample containing low levels of antimicrobial
additives in a medium containing transition metal ions would initiate and promote
oxidation of rubber samples. Could it be the initiation of oxidation of rubber polymer
facilitated the deterioration of NR vulcanisate biologically?
7.3.3 Dickenson's argument
Dickenson's argument is also supported by the recent work carried out by Simpson"
he conducted the experiment based on BS 2494 test procedure and found that the
weight loss of the unprotected NR vulcanisates was very much higher than the
protected samples. It is more prone to oxidation and more chain ends would be
generated for biological attack. One interesting observation was that he used 3 pphr of
TMQ (polymerised 2,2,4-Trimethyl-l ,2-dihydroquinoline), a non-antimicrobial
additive as antioxidant to protect the vulcanisates. The presence of TMQ would not
interfere with the biological activity of the microorganisms and just protect the rubber
against oxidation. After two year of conditioning in biological active river water, the
weight loss of samples was among the lowest. Could it be that without prior oxidative.
degradation, the attack of NR vulcanisate was merely on its low molecular weight
fragments and promicrobial additives used in the formulation and not on the high
molecular weight crosslinked network? .
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In the same experiment, Simpson also found a high level of metal catalysts such as
Copper (46 ppm), Iron (127 ppm) and Manganese (4.6ppm) accumulated on the
protected rubber after 2 years of immersion in the inoculated raw river water. The
initial concentrations of Copper, Iron and Manganese ions in the rubber samples were
only 2.6, 111 and 1.5 ppm respectively. Does it mean that the presence of these metal
catalysts had promoted the initial oxidative degradation before biodeterioration took
place?
7.4 Concluding comments
It is very difficult to differentiate between the by-products from biological and
oxidation process indeed they could be identical. So far, little work has been reported
on the pathway of biological degradation for NR.
The situation is somewhat confused especially in the case of unvulcanised NR and
unprotected NRvul~an~~ates with low crosslink density. Generally, diene ru bbers are
more susceptible to oxidation than saturated rubbers, and the immersion of rubber
samples in liquid media also facilitates the penetration of enzyme molecules. These
could lead to a higher extent of biodeterioration.
Claims by Witllams> and by JohnS6 that no structural changes of biodegraded gum
NR were detected by IR spectroscopy and led to the deduction that the mechanism of
biodegradation was initiated from chain ends; thus further verification is needed. It is
possible that the magnitude of change was too small to be detected by IR
. spectroscopy.
Other factors which affect the process of biodeterioration have been discussed earlier
but not addressed specifically in this programme. They should form the basis for
future investigation.
i) Many trace elements such as Copper, Iron, Cobalt and Manganese
promote oxidation and do not restrict the growth of microorganisms,
their inclusion in the biodeterioration programme must be considered.
ii) Nutrient rich media could be used to maintain the high activities of the
microorganisms to achieve maximum biological effect.
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iii) Long term tests should be made on a high pH test medium to determine
the effect on extraction of antimicrobial and promicrobial additives and
hence the rate of biodeterioration of rubber compounds.
iv) To study the effect of oxidised rubber polymers on biodeteriorability
could solve some of the queries presented so far.
v) Other microorganisms implicated in degrading ester types of plasticisers
might need further investigation especially when the test is conducted
under high pH test conditions.
vi) To achieve a high degree of biodeterioration of rubber compounds might
require further study of mixed culture of microorganisms as it is possible
that a group of microorganisms could produce synergistic effect in
breaking down both the rubber polymer and additives.
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Conclusions
A modified batch process to determine the biodeterioration of rubber compounds has
been developed to overcome the problem of accumulation of toxins generated from
leachable antimicrobial additives and metabolites. Repeatable and reproducible
results under static and dynamic incubating conditions have been achieved by a
simple and economical test.
Five strains of fungi, one strain of streptomycetes and three strains of nocardia species
were tested against five rubber compounds. Nocardia species were found to be the
most aggressive group of microorganisms in affecting the rubber samples.
Bioassay of additives were carried out against three strains of Nocardia sp, It was
found that microcrystalline wax, paraffinic oil, high aromatic oil, stearic acid and zinc
stearate were promicrobial additives. Only Nocardia sp. NCIMB 12811 could grow
on dioctyl phthalate. Carbon black, china clay and silica were bioinert. Polyethylene
glycol4000 (molecular weight 4000) could support some growth of Nocardia sp.
NCIMB 12811 and 12814 but not Nocardia asteroides NCIMB 12082.
Most of the curing additives used were antimicrobial in nature. Their effectiveness
against individual microorganism varied. Their effectiveness was in the order TMTD
> MBT > CBS >S >MBTS>ZnO. ZDBC possessed no antimicrobial action and
CuDMC was a weak antimicrobial additive. The minimum inhibition concentration of
additives could be as low as 10-6 g/ml < MIC < 10-5 g/ml for TMTD, whereas at 10-3
g/ml MBTS and ZnO did not inhibit the growth of Nocardia asteriodes NCIMB
12082.
Among the three antioxidants tested, only 6PPD was an antimicrobial additive,
ODPA and TMQ did not possess any antimicrobial activity against Nocardia sp.,
even at a concentration as high as 10-3 g/ml.
It was found that four out of five rubber compounds used in this programme
contained leachable antimicrobial additives against Nocardia sp. The leachable
additives were either coming from the curing system and/or antioxidants. The only
sample which did not contain antimicrobial additives was a peroxide-cured EPDM
rubber compound.
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The effect of test conditions, rubber formulations and physical dimension on
biodeteriorability of rubber samples was studied. The conclusions to this part of the
programme were:
i) Agitation speed
N. asteriodes NCIMB 12082 was less sensitive to agitation speed than Nocardia sp,
NCIMB 12811 and 12814. The optimum agitation speed for Nocardia sp, NCIMB
12811 and 12814 was 50 rpm.
ii) Temperature
The biological activities at 33°Cwas the lowest. The optimum range for growth
appeared to be in the range between ambient and 30°C. The weight change of samples
incubated at 30°C was higher than ambient and 33°C.
iii) pH
It appeared that the biological activities and extraction rate of additives from rubber
samples were strongly influenced by the pH value of the test medium. The activities
of microorganisms were not affected in a high pH (7.5 and 8.0) and antimicrobial
freed test medium. Under alkaline conditions, the rate of extraction of antimicrobial
additives from rubber samples was higher than under neutral conditions. It
suppressed the biological activities and hence reduced the extent of biodeterioration
of rubber samples.
iv) Sample weight and test procedure used
The activities of microorganisms were very sensitive to the amount of rubber samples
(containing leachable antimicrobial additives) added to the test media and whether or
not the media were changed and reinoculated at regular intervals. When more
samples were added to the test medium and/or the medium was not renewed at regular
intervals, it reduced the biological activity and hence the weight change of samples
and introduced variability of results. These did not affect those samples such as EP
which contained no leachable antimicrobial additives.
v) Incubation period
The weight change of samples after 12 weeks of incubation in a neutral medium was
lower but still decreasing. The magnitude of weight change after 12 weeks of
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incubation varied according to the types of rubber compounds and microorganisms
employed.
vi) Physical dimensions
The amount of leaching of additives from the rubber compounds to the test media and
the biological attack on them were determined by the surface area of the test samples.
Both increased with increase in the surface area of rubber samples.
vii) Rubber formulation
In the absence of antioxidants, vulcanised NR and SBR were found to experience a
higher weight change than ES, EP and NBR compounds.
The biocidal effect of vulcanised ES, NBR and SBR gum vulcanisates was shown on
inoculated agar plates. It was mainly due to the presence of residues of curatives or
the reaction by-products of curatives in the samples.
The presence of antioxidant in NR and SBR vulcanised gum rubbers reduced the
biological activities.
The weight change for NR and SBR loaded with oil and carbon black (without wax
and antioxidant) was mainly contributed by the oil.
In other formulations, wax and antioxidants were added. The increase in the
biological activities shown by an increase in the weight change was mainly due to the
presence of wax.
viii) Pure and mixed cultures
The mixed culture system of Nocardia sp. NelMB 12811 and S. lipmanli did not
produce a synergistic effect; the result was similar to a pure culture system of
Nocardia sp NelMB 12811.
ix) Physiological form of the culture
It appeared that a filamentous inoculum was more active in utilising available carbon
sources from a compound containing no leachable antimicrobial additives whereas a
spore inoculum was more resistant against leachable antimicrobial additives.
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•Recommendations
Shortcoming of BS2494 : 1990 Appendix B
The advantages and disadvantages of :B~ 2494:1990 appendix B (Method of test for
microbiological deterioration) have been discussed, its main shortcoming is that it is
too restricted to be used as an International Standard.
A possible new test procedure
The main advantage of the test procedure developed by LUT is that it has provided a
clear indication of the biodeterioration of a rubber compound under a set of
predetermined test conditions, which can be easily reproduced world-wide.
The methodology can also be used to investigate the effect of
a) rubber formulations,
b) environmental effects and
c) biological species on the stability of a rubber compound.
Standard Practice for "Biodeterioration Test of Sealing Materials"
The current programme may not be able to produce a set of specifications to be used
as accept or reject criteria for rubber sealing material without a larger data base of test
results.
The conditions used in the test procedure may be adjusted to reflect some of the
service conditions of the material. The detailed test conditions can be agreed to
accommodate the requirements between the supplier and the buyer of the product. For
example, if the material is going to be used in a cement pipe, then the pH of the test
medium used may be adjusted to 8.0 to reflect the service conditions. If the sealing
ring is used in the pipe line to transport river water, with the understanding of the
quality of water, a modified test medium may be used based on the understanding of
the quality of water. The inclusion of certain inorganic salts (such as copper ion) in
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the test medium may be necessary to promote non-biological changes to facilitate the
biodeterioration process.
Overall recommendation
The proposed test procedure may be a possible basis for ISO for "Standard Practice
for the Test of Biodeterioration of Rubber Sealing Materials in a Biologically Active
Environment"•.Csee Appendix 7)
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Appendices
Appendix 1 Rubber compounds used in
the study of the effect of
formulation on
biodeterioration
NR compounds
F1 F2 F3
Rubber I additive pphr % pphr % pphr %
SMRCV60 100.00 92.74 100.00 91.85 100.00 90.31
Zinc oxide 4.00 3.71 4.00 3.67 4.00 3.61
Stearic acid 0.90 0.83 0.90 0.83 0.90 0.81
SulphurMC 2.00 1.85 2.00 1.84 2.00 1.81
ODPA 0.90 0.81
6PPD 2.00 1.81
CBS 0.83 0.77 0.83 0.76 0.83 0.75
TMTD . 0.10 0.09 0.10 0.09 0.10 0.09
Microcrystalline wax 1.04 0.96 0.00
High aromatic oil
N762 Black
Total 107.83 100.00 108.87 100.00 110.73 100.00
F4 F5
Rubber I additive pphr % pphr %
SMRCV60 100.00 61.41 100.00 59.96
Zinc oxide 4.00 2.46 4.00 2.40
Stearic acid 0.90 0.55 0.90 0.54
SulphurMC 2.00 1.23 2.00 1.20
ODPA 0.90 0.54
6PPD 2.00 1.20
CBS 0.83 0.51 0.83 0.50
TMTD 0.10 0.06 0.10 0.06
Microcrystalline wax 1.04 0.62
High aromatic oil 10.00 6.14 10.00 6.00
N762 Black 45.00 27.64 45.00 26.98
Total 162.83 100.00 166.77 100.00
SBRcompounds
F6 F7 F8
Rubber I additive pphr % pphr % pphr %
SBR 1500 type 100.00 90.50 100.00 89.42 100.00 89.29
N330black
High aromatic oil
Zinc oxide 5.00 4.52 5.00 4.47 5.00 4.46
Stearic acid 1.00 0.90 1.00 0.89 1.00 0.89
Microcrystalline wax 1.33 1.19
6PPD 1.50 1.34
High aromatic oil
SulphurMC 1.00 0.90 1.00 0.89 1.00 0.89
CBS 2.50 2.26 2.50 2.24 2.50 2.23
TMTD 1.00 0.90 1.00 0.89 1.00 0.89
China clay
Total 110.50 100.00 111.83 100.00 112.00 100.00
F9 FlO
Rubber I additive pphr % pphr %
SBR 1500 type 100.00 37.52 100.00 37.13
N330black 75.00 28.14 75.00 27.85
High aromatic oil 50.00 18.76 50.00 18.56
Zinc oxide 5.00 1.88 5.00 1.86
Stearic acid 1.00 0.38 1.00 0.37
Microcrystalline wax 1.33 0.49
6PPD 1.50 0.56
High aromatic oil 21.00 7.88 21.00 7.80
SulphurMC 1.00 0.38 1.00 0.37
CBS 2.50 0.94 2.50 0.93
TMTD 1.00 0.38 1.00 0.37
China clay 10.00 3.75 10.00 3.71
Total 266.50 100.00 269.33 100.00
S-cured EPDM compounds
Fll F 12
Rubber I additive pphr % pphr %
EPDM 100.00 89.97 100.00 38.15
N550black 61.00 23.27
Paraffinic oil 61.00 23.27
Zinc oxide 5.00 4.50 5.00 1.91
Stearic acid 1.00 0.90 1.00 0.38
Silica (precipitated) 5.00 1.91
Paraffinic oil 24.00 9.16
MBT 0.60 0.54 0.60 0.23
TMTD 2.00 1.80 2.00 0.76
ZBuD 1.30 1.17 1.30 0.50
CuDD 0.50 0.45 0.50 0.19
SulphurMC 0.75 0.67 0.75 0.29
Total 111.15 100.00 262.15 100.00
Peroxide-cured EPDM
F 13 F 14
Rubber I additive pphr % pphr %
EPDM 100.00 85.29 100.00 49.69
N550black 45.00 22.36
Paraffinic oil 25.00 12.42
Zinc oxide 5.00 4.26 5.00 2.48
Stearic acid 1.50 1.28 1.50 0.75
TMQ 4.00 1.99
PEG4000 10.00 4.97
Dicumyl peroxide 10.00 8.53 10.00 4.97
EDMA 0.75 0.64 0.75 0.37
Total 117.25 100.00 201.25 100.,00
NBR compounds
F 15 F 16
Rubber I additive pphr % pphr %
NBR(medium AN) 100.00 88.22 100.00 44.77
DOP 50.00 22.39
Zinc oxide 5.00 4.41 5.00 2.24
Stearic acid 1.00 0.88 1.00 0.45
N550black 55.00 24.63
6PPD 3.00 1.34
Microcrystalline wax 2.00 0.90
TMTD 4.00 3.53 4.00 1.79
MBTS 2.65 2.34 2.65 1.19
. SulphurMC 0.70 0.62 0.70 0.31
Total 113.35 100.00 223.35 100.00
Appendix 2
Typical· analytical summary of River Thames at Medmenham,
River Itchen at Southampton and River Tavy at Lopwell Dam,
Plymouth
Medmenham Southampton Plymouth Appendix
B BS 2494 : 1986
pH 7.9 S.2 6.S
BOD (AUT) (mg/l) 2.6 2.0 1.7 ~S.5
~(N)(mg/l) 0.11 0.18 0.05 ~O.9
0.0 (%) SAT) 93 93 >60
0.0 (mg/l) 10.1 11.0 10.5
• Average of IS determinations covering whole year. N.B. BOD has broad scatter band 2-3 times the
average.
Appendix 3
Summary of River Thames analysis (Cookham Bridge) 1989-92
Period Mean Values rng/I
From To B.O.O. D.O. % Sat. Amm.N.
01-06-89 01-05-91 2.484 92.408 0.111
29-05-91 12-11-91 2.533 87.929 0.07
13-12-91 03-06-92 3.48 87.6 0.148
03-06-92 26-11-92 2.175 84.667 0.104
BS 2494 limits ::;8.5 >60 ::;0.9
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Appendix 6
Appendix B. Method of test
for microbiological
deterioration
WARNING. Inpreparing this test method. it .
has been assumed that it will be carried out. or
be supervised. by qualified personnel who are
familiar with the method and media used and
conversant with the necessary safety
precautions.
B.1 Principle
Test pieces under tensile strain are exposed to
raw river water. inoculated with suitable
organisms and maintained at a ~igh dissolved .
oxygen concentration. Losses Inmass are
measured at the end of the exposure period and
any release of carbon black or other fillers
noted.
B.2Materials
B.2.1 A source ofraw river water having all
the following characteristics:
a) a dissolved oxygen content of
>60%;
b) a biological oxygen demand
(BOD) of S 8.5 mg/L;
c) an ammonia content. as
ammonium ions. of S 0.9 mg/L.
B.2.2 An inoculum of rubber degrading
organisms is provided by introducing into ~e
header tank (B.3.2) a suspended rubber seahng
ring showing active signs of biological
deterioration.
B.3Apparatus
B.3.1 Stainless steel frame, containing two
stainless steel rods of 4.7mm to 4.8mm
diameter. maintained in parallel 110 ± lrnrn
apart (see figure 1).
NOTE. Spacer plates may be located at
intervals as necessary to brace the rods at the
specified spacing if the ~nsion exerted br the
test pieces would otherwise cause excessive
flexure of the rods.
B.3.2 Header tank. constructed of non-
metallic material and including a cover which
permits ventilation. The tank is constructed or
enclosed such that light is excluded from the
contents of the tank. The tank contains water
of the type described in B.2.1 in which a
source of inoculum in accordance with B.2.2 is
maintained following an initial residence
period of not less than 7 days. The tank
discharges continuously into the tank (B.3.3)
via a flow control device which maintains the
rate of overflow discharge from the test tank to
that equivalent to 0.4 ± 0.1 volume change/day
of the water content of the test tank. The
header tank is replenished with water in
accordance with B.2.1 so that the source of
inoculum in the header tank remains
submerged.
NOTE. The system for replenishment of the
header tank will depend upon the rate of
discharge used when filling the test tank and
when maintaining the required rate of overflow
discharge from the test tank.
B.3.3 Test tank. constructed of glass or other
inert material. into which the frame can be
inserted (see figure 1). The tank is initially
filled with raw river water complying with
B.2.1. or with inoculated water from the
header tank. and is provided with an overflow
outlet to maintain the level in the test tank by
discharging the excess supply of inoculated
water from the header tank (B.3.2) which has
been on stream from the header tank for not
less than 7 days.
Except when access to the samples is required.
the tank is surrounded by an enclosure that
excludes light.
B.3.4 Air pump. fitted with a multiple outlet
manifold to maintain a visible diffuse air
stream throughout the length of the water in
the test tank (see figure 1).
B.3.5 Temperature controls. for maintaining
the temperature within the test tank at 23 ±
2°C.
B.3.6 Balance. capable of weighing to within
±O.OOOS g.
B.3.7 Drying oven. maintained at 105 ± 2°C.
B.3.7 Drying oven:maintained at 105 ± 2°C.
B.3.8 Ultrasonic cleaning bath, capable of
operation at 45 kHz.
NOTE. A power input of 55 W has been
found satisfactory for use with an ultrasonic
cleaning bath having a capacity of between 1.7
Land 2 L.
B.4 Preparation of test pieces
Prepare eight test pieces, each measuring
approximately 140 mm x 20 mm, from test
sheets 2 ± 0.2mm thick (see figure 2).
Punch two holes approximately 3mm in
diameter on the centre line of each strip and
lOO ± Imm between centres.
B.S Procedure
B.S.1 Divide the test pieces into a control set
of four and a test set of four. Identify each test
piece by means of a suitable procedure.
Weigh all test pieces to an accuracy of 0.0005
g. Record the individual masses, M I, of the
control set test pieces and the individual
masses, M2, of the test set test pieces. Store
the control set at 23 ± 2°C in a sealed opaque
envelope or packet,
B.5.2 Stretch the four test pieces of the test set
between the rods, using the punched holes, to
give an extension of approximately 10%.
Space the test pieces on the frame so that they
do not touch one another and record the
position of each test piece for identification
purposes.
If simultaneously testing materials which may
give rise to mutual interference, for example
by cross-contamination or by the effects on the
micro-organisms of a leachable biocide,
separate test tanks shall be used which are
connected in parallel so that each is flushed at
the specified rate (see B.3.2). Otherwise, if
test pieces of different formulations are to be
tested on a common frame, stainless steel
separator plates shall be interposed.
B.S.3 Insert the loaded frame into the test tank
containing inoculated water in accordance with
B.3,3 so that the test pieces are completely
immersed. Maintain the level of the water by
topping up with inoculated water from the
header tank and pass air continuously through
the water in the test tank. Maintain the
temperature within the test tank enclosure at
23±2°C.
B.S.4 After 6 months withdraw the frame
from the test tank and remove the test pieces of
the test set from the frame and the test pieces
of the control set from their envelopes
maintaining their order and identities. Clean
each test piece for 1 min in the ultrasonic
cleaning bath containing clean tap water only,
without solvent or detergent. Remove each
test piece, rinse for 30 s under running tap
water and place in an oven at 105 ± 2°C for 2h.
B.5.5 Remove the test pieces from the oven,
allow them to cool to 23 ± 2°C in a desiccator
for 1 h and weight them to an accuracy of
0.0005 g. Record the individual masses, M3,
of the control set test pieces and the individual
masses, M4, of the test set test pieces.
B.5.6 After the mass loss measurements have
been taken, lightly rub each test piece on one
place with a tissue and compare the carbon
black or other filler release of the control test
pieces and the exposed test pieces.
B.6 Calculation of results
Calculate the percentage mass loss, Ms, for
each control set test piece as follows:
M _Ml-M3 100s- M x
- I
where
MI is the initial mass of the test piece
(in g);
M3 is the mass of the test piece after
drying (in g).
Determine the average mass loss, M6, for each
test set test piece as follows:
where
M2is the initial mass of the test piece
(in g);
M, is the mass of the test piece after
testing and drying (in g).
Determine the average mass loss, Y, of the test
set test pieces.
Calculate the difference in average percentage
change in mass loss, Z, between the test set
test pieces and the control set test pieces as
follows: z=y=x
B.7 Test report
The test report shall include the following
information:
a) identification of samples tested;
b) test start date;
c) test finish date;
d) identification of testing laboratory;
e) type of water used;
1) inoculum used;
g) initial values of sample mass;
h) final values of sample mass;
i) average percentage change in sample mass;
j) difference in average percentage mass loss
between the test samples and dry control
samples. after oven drying plus a pass or fail
statement in respect of the requirements of
4.3(a);
k) removal of carbon black or other filler by
the tissue rub test plus a pass or fail statement
in respect of the requirements 4..3 (b);
1)general observations on the visual
appearance of samples after test;
m) details of any interruptions or other
deviations in the test programme.
Appendix 6.1 Tests for rubbers/A. niger
system
Refer to Chapter 4, section 4.1.1
NR-CA
NR-IA
Appendix 6. 1
NR-CTRL
Appendix 6. 1
SBR-CA
SBR-IA
Appendix 6. 1
SBR-CTRL
Appendix 6. 1
ES-CA
ES-JA
Appendix 6. 1
ES-CTRL
Appendix 6. 1
EP-CA
EP-IA
Appendix 6. 1
EP-CTRL
Appendix 6. 1
N R·J
Appendix 6. 1
NBR-CTRL
Appendix 6.2 Effect of shaking speed
Refer to Chapter 4. section 4.5.1.1
i) Microorganism: N. asteroides NCIMB 12082
o rpm / NR sample
50 rpm/NR sample
Appendix 6.2
D'I' - N I~ _. 1 2 W
NCIMB J._2082
110 rpm / NR sample
Appendix 6.2
:::>T-~S. R- 2T.H
J_ 2 0 8 2N·__",." ["M ~" t.,~.. ,.:::'
Orpm / SBR sample
50 rpm / SBR sample
Appendix 6.2
D"r ---S I.31~---·1 2 W
Ne.IHE ]_2()8~2
110 rpm / SBR sample
Appendix 6.2
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o rpm I ES sample
50 rpm I ES sample
Appendix 6.2
110 rpm / ES sample
Appendix 6.2
··1 . '. "'{11.1., " ~!.:.c r
o rpm / EP sample
50 rpm / EP sample
Appendix 6.2
D T -- E E-> .-- _1_2 W
N C I MB l·2 o }3 2
110 rpm / EP sample
Appendix 6.2
--.'I" N 1" J"b _. ~ _::3 .,_ J..2W'
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o rpm / NBR sample
50 rpm / NBR sample
Appendix 6.2
DT-NBR ---12W
NCIMB 12082
110 rpm I NBR sample
Appendix 6.2
ii) Microorganism: Nocarida sp. NCiMB 12811
o rpm / NR sample
50 rpm / NR sample
Appendix 6.2
110 rpm / NR sample
Appendix 6.2
o rpm / SBR sample
50 rpm / SBR sample
Appendix 6.2
110 rpm / SBR sample
Appendix 6.2
o rpm / ES sample
50 rpm / ES sample
Appendix 6.2
110 rpm / ES sample
Appendix 6.2
o rpm / EP sample
50 rpm / EP sample
Appendix 6.2
110 rpm / EP sample
Appendix 6.2
o rpm / NBR sample
50 rpm / NBR sample
Appendix 6.2
110 rpm / NBR sample
Appendix 6.2
iii) Microorganism: Nocordia sp. NCiMB 12814
o rpm / NR sample
50 rpm / NR sample
Appendix 6.2
110 rpm / NR sample
Appendix 6.2
o rpm / SBR sample
50 rpm / SBR sample
Appendix 6.2
110 rpm I SBR sample
Appendix 6.2
o rpm / ES sample
50 rpm / ES sample
Appendix 6.2
110 rpm / ES sample
Appendix 6.2
o rpm / EP sample
50 rpm / EP sample
Appendix 6.2
110 rpm / EP sample
Appendix 6.2
o rpm / NB R sample
50 rpm / NBR sample
Appendix 6.2
110 rpm / NBR sample
Appendix 6.3 Effect of temperature
Refer to Chapter 4, section 4.3.1.2
Microorganism: Nocardia sp. 12814
Ambient / NR sample
30°C / NR sample
Appendix 6.3
33°C / NR sample
Appendix 6.3
Ambient / BR sample
30°C / SBR sample
Appendix 6.3
33°C / SBR sample
Appendix 6.3
Ambient IES sample
30°C / ES sample
Appendix 6.3
33°C / ES sample
Appendix 6.3
Ambient I EP sample
30°C / EP sample
Appendix 6.3
33°C / EP sample
Appendix 6.3
Ambient / NBR
Appendix 6.3
Appendix 6.4 Effect of pH
Refer Chapter 4, section 4.3.1.3
Microorganism; Nocardia sp. NCiMB 12814
pH 7.0/ NR sample
pH 7.5 / NR sample
Appendix 6.4
er ,~'
. ., [1\a.iJ~' .~.
'.' y • '-'r. • -. )
pH 8.0
Appendix 6.4
pH 7.0/ SBR sample
pH 7.5 / SBR sample
Appendix 6.4
pH 7.0/ ES sample
pH 7.5 / ES sample
Appendix 6.4
pH 7.0/ EP sample
pH 7.5 / EP sample
Appendix 6.4
pH 8.0/EP
Appendix 6.4
pH7.0/NBR
pH7.5/NBR
Appendix 6.4
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pH 8.0/NBR
Appendix 6.5 Effect of sample weight
Refer to Chapter 4, section 4.3.1.4 and 4.3.1.5
Microorganism: Nocardia sp. NCMB 12814
Frequent renewal of media / low sample weight / NR sample
Frequent renewal of media / High sample weight / NR sample
Appendix 6.5
Non-renewal of test medium / Low sample weight / NR sample 1
Non-renewal of test media / High sample weight / NR sample 1
Appendix 6.5
Non-renewal of media / Low sample weight / NR sample 2
Non-renewal of media / High sample weight / NR sample 2
Appendix 6.5
Frequent renewal of media / Low sample weight / SBR sample
Frequent renewal of media / High sample weight / SBR samples
Appendix 6.5
Non-renewal of media / Low sample weight / SBR sample 1
Non-renewal of media / High sample weight / SBR sample 1
Appendix 6.5
Non-renewal of media / Low sample weight / SBR sample 2
Non-renewal of media / High sample weight / SBR sample 2
Appendix 6.5
Frequent renewal media / Low sample weight / ES sample
Frequent renewal of media / High sample weight / ES sample
Appendix 6.5
Non-renewal of media / Low sample weight / ES sample 1
Non-renewal of media / High sample weight / ES sample 1
Appendix 6.5
Non-renewal of media / Low sample weight I ES sample 2
Non-renewal of media / High sample weight I ES sample 2
Appendix 6.5
Frequent renewal of media / Low sample weight / EP sample
Frequent renewal of media / High sample weight / EP sample
Appendix 6.5
Non-renewal of media / Low sample weight / EP sample 1
Non-renewal of media / High sample weight / EP sample 1
Appendix 6.5
Non-renewal of media / Low sample weight / EP sample 2
Non-renewal of test media / High sample weight / EP sample 2
Appendix 6.5
Frequent renewal of media / Low sample weight / NBR sample
Frequent renewal of media / High sample weight / NBR sample
Appendix 6.5
Non-renewal of media / Low sample weight / NBR sample 1
Non-renewal of media / High ample weight / NBR sample 1
Appendix 6.5
Non-renewal of media / Low sample weight / NBR sample 2
Non-renewal of media / High sample weight / NBR sample 2
Appendix 6.6 Effect of incubation time
Refer to Chapter 4, section 4.3.1.6
i) Microorganism: Nocardia asteriodes NCiMB 12082
ST-
C
2W
2082
12 weeks / NR sample (L : evaluation sample, R : control sample)
24 weeks / NR sample
Appendix 6.6
48 weeks / NR
Appendix 6.6
ST-SBR- 2'W
C 'M: 12082
12 weeks / SBR sample (L : evaluation sample, R : control sample)
24 weeks / SBR sample
Appendix 6.6
48 weeks / SBR sample
Appendix 6.6
12W
1.20f.32
12 weeks / ES sample (L : evaluation sample, R : control sample)
24 weeks / ES sample
Appendix 6.6
48 weeks / ES sample
Appendix 6.6
c=tT-E
NCIM,'
l2W
] ~2082
12 weeks / EP sample (L : evaluation, R : control sample)
24 weeks / EP sample
Appendix 6.6
48 week / EP sample
Appendix 6.6
ST-
NCI:t-1:
12W
2 82
12 weeks / NBR sample (L : evaluation sample, R : control sample)
24 weeks / NBR sample
Appendix 6.6
48 weeks / NBR sample
Appendix 6.6
ii) Microorganism: Nocardia sp. NCiMS 12811
12 weeks / NR sample
24 weeks / NR sample
Appendix 6.6
48 weeks / NR sample
Appendix 6.6
12 weeks / SBR sample
24 weeks / SBR . ample
Appendix 6.6
48 weeks / SBR sample
Appendix 6.6
12 weeks / S sample
24 weeks / ES sample
Appendix 6.6
48 weeks / ES sample
Appendix 6.6
12 week / P sample
24 weeks / EP ample
Appendix 6.6
48 weeks / EP sample
Appendix 6.6
12 weeks / NBR sample
24 weeks / NBR sample
Appendix 6.6
48 weeks / NBR sample
Appendix 6.6
iii) Microorganism: Nocardia sp. Ne 1MB12814
12 weeks / NR sample
24 weeks / NR sample
Appendix 6.6
48 weeks / NR sample
Appendix 6.6
12 weeks I SBR sample
24 week I SBR ample
Appendix 6.6
48 weeks / SBR sample
Appendix 6.6
12 weeks / ES sample
24 weeks / ES sample
Appendix 6.6
48 weeks / ES sample
Appendix 6.6
12 weeks / EP sample
24 weeks / EP sample
Appendix 6.6
48 weeks / EP sample
Appendix 6.6
12 weeks I NBR sample
24 weeks I NBR sample
Appendix 6.6
48 weeks / NBR sample
Appendix 6.7 Effect of formulation.
Refer to Chapter 4, section 4.3.2
Microorganism: Nocardia sp. NCiMS 12811 (similar observations were found
with NCiMB 12814)
Incubation time: 24 weeks
NRX - control
NRX - evaluation
Appendix 6.7
NRW - control
NRW - evaluation
Appendix 6.7
NRA/O - control
NRA/O - evaluation
Appendix 6.7
NRC/O - control
NRC/O - evaluation
Appendix 6.7
NRC/F - control
NRC/F - evaluation
Appendix 6.7
SBRX - control
SBRX - evaluation
Appendix 6.7
SBRW - control
SBRW - evaluation
Appendix 6.7
SBRA/O - control
SBRA/O - evaluation
Appendix 6.7
SBRC/O - control
SBRC/O - evaluation
Appendix 6.7
ESX - control
ESX - evaluation
Appendix 6.7
ESCF - control
ESCF - evaluation
Appendix 6.7
EPX - control
EPX - evaluation
Appendix 6.7
EPCF - control
EPCF - evaluation
Appendix 6.7
NBRX - control
NBRX - evaluation
Appendix 6.7
NBRCF - control
NBRCF - evaluation
Appendix 6.7
Attack of rubber gum vulcanisates by Nocardia sp.
---------------------
Ll : NR/12082, L2 : NR/12811, R2: NR/12814, RI : NR / control
Ll : SBR / control, RI : SBR / 12082 (similar observations were found when tested
with Nocardia sp. NCIMB 12811 and 12814
Appendix 6.8 Effect of pure and mixed
culture
Refer to Chapter 4, section 4.3.2
Microorganisms: • s. lipmonii NelMS 9841 (pure culture),
• Nocardia sp. NCIMS 12811 (pure culture),
• S. lipmanii NCiMS 9841 - Nocardia sp. NCiMB 12811 (mixed culture).
Incubation conditions: 300( / 12 weeks
Nocardia sp. NCIMB 12811 / NR sample
S. lipmanii NCIMB 9 41 / NR ample
Appendix 6.8
S. lipmanii NCIMB 9841 - Nocardia sp. NCIMB 12811/ NR sample
Appendix 6.8
Nocardia sp. NCIMB 12811/ SBR sample
NT
S. lipmanii NCIMB 9841 / SBR sample
Appendix 6.8
S. lipmanii NCIMB 9841 - Nocardia sp. NCIMB 12811 / SBR sample
Appendix 6.8
Nocardia sp. NCIMB 12811/ ES sample
S. lipmanii NClMB 9841/ES sample
Appendix 6.8
Si lipmanii NCIMB 9841 - Nocardia sp. NCIMB 12811/ ES sample
Appendix 6.8
Nocardia sp. NCIMB 12811 / EP sample
Sc lipmanii NCIMB 9841/ EP sample
Appendix 6.8
Si lipmanii NCIMB 9841 - Nocardia sp. NCIMB 12811/ EP sample
Appendix 6.8
Nocardia sp. NCIMB 12811 / NBR sample
Sc lipmanii CIMB 9841/ NBR sample
Appendix 6.8
Si lipmanii NCIMB 9841 - Nocardia sp. NCIMB 12811/ NBR sample
Appendix 6.9 Detection of leachable
antimicrobial additives
(typical examples)
Refer to Chapter 4, section 4.4.4
Microorganism: Nocardia asteroides NCiMS 12082
Rubber samples contained no
antimicrobial additives.
Top left: EPPX on inoculated
complete agar plate (control).
Top right: EPX on not
inoculated complete agar plate.
Bottom left: EPC/F on
inoculated agar plate.
Bottom right: EPC/F on not
inoculated complete agar plate
(control)
Rubber samples contained
leachable antimicrobial
additive(s).
Top left: ESX on inoculated
complete agar plate (control).
Top right: ESX on not
inoculated complete agar plate.
Bottom left: ESC/F on
inoculated complete agar plate
Bottom right: ESC/F on not
inoculated complete agar plate
(control)
Appendix 6. 10 Determination of Inhibitory
Concentration (typical
examples)
Refer to Chapter 4, section 4.5
ODPA/ 12082,12811 and
12814
Plate A : Complete agar
contained no antimicrobial
additives. Surface spot
plated with Nocardia
asteroids NCIMB 12082,
Nocardia sp. NCIMB
12811 and Nocardia sp.
12814 on positions 1,2 and
3 respectively.
Plates Band C : Similar to
Plate A except plate Band
C contained 10.4 and 10-3
g/ml ODPA respectively
TMTD /12082, 12811 and
12814
Plate A : Similar to top
figure except
Plates Band C contained
10.6 and 10-5 g/ml of
TMTD respectively
Appendix 6.10
CuDMC on inoculated complete agar plate (Nocardia asteroides NCIMB 12082)
ZDBC on inoculated complete agar plate (Nocardia asteroides NCIMB 12082)
Appendix 6. 1 1 Bioassay of additives
(typical examples)
Refer to Chapter 4, section 4.6
Microorganisms: Nocardia asteroides NCIMB 12082
Nocardia sp. NCiMB 12811
Nocardia sp. NCIMB 12814
Control sample: CDM3 inoculated with Nocardia asteroides NCIMB 12082 (no
carbon source added)
Appendix 6.11
Control sample: CDM3 inoculated with Nocardia sp. NCIMB 12811 (no carbon
source added)
Control sample: CDM3 inoculated with Nocardia sp. 12814 (no carbon source
added)
Appendix 6. 1 1
Control sample: Microcrystalline wax in CDM3 (not inoculated)
Microcrystalline wax in CDM3 inoculated with Nocardia asteroides NCMB 12082
(similar observations were found when tested with Nocardia sp. NCIMB 12811 and
12814)
Appendix 6. 1 1
Paraffinic oil in CDM3 (not inoculated)
Paraffinic oil in CDM3 inoculated with Nocardia asteroides NCIMB 12082 (similar
observations were found when tested with Nocardia sp. NCIMB 128211 and 12814)
Appendix 6. 1 1
Control sample: High aromatic oil in CDM3 (not inoculated)
High aromatic oil in CDM3 inoculated with Nocardia asteroides NCIMB 12082
(similar observations were found when tested with Nocardia sp. NCIMB 12811 and
12814)
Appendix 6. I I
Control sample: stearic acid in COM3 (not inoculated)
Stearic acid in CDM3 inoculated with Nocardia asteroides NClMB 12082 (similar
observations were found when tested with Nocardia sp. NClMB 12811 and 12814)
Appendix 6. 1 1
Control sample: DOP in CDM3 (not inoculated)
DOP in CDM3 inoculated with Nocardia sp. NCIMB 12082
Appendix 6. 1 1
DOP in CDM3 inoculated with Nocardia sp. NCIMB 12811
DOP in CDM3 inoculated with Nocardia sp. NCIMB 12814
Appendix 6. 1 1
Control sample: PEG 4000 in CDM3 (not inoculated)
PEG 4000 in CDM3 inoculated with Nocardia asteroides NCIMB 12082
Appendix 6. I I
PEG 4000 in CMD3 inoculated with Nocardia sp. NCIMB 12811
PEG 4000 in CDM3 inoculated with Nocardia sp. NCIMB 12814
Appendix 6. 1 1
.' ... .. ',. ...... ...... 'It.. • ••
Control sample: N330 (carbon black) in CDM3 (not inoculated)
N330 (carbon black) in CDM3 inoculated with Nocardia asteroides NCIMB 12082
(similar observations were found when tested with Nocardia sp. NCIMB 12811 and
12814)
Appendix 6. 1 1
Control sample: N550 (carbon black) in CDM3 (not inoculated)
N550 (carbon black) in CDM3 inoculated with Nocardia asteroides NCIMB 12082
(similar observations were found when tested with Nocardia sp. NCIMB 12811 and
12814)
Appendix 6.11
Control sample: N762 (carbon black) in CDM3 (not inoculated)
N762 (carbon black) in CDM3 inoculated with Nocardia asteroides NCIMB 12082
(similar observations were found when tested with Nocardia sp. NCIMB 12811 and
12814)
Appendix 6. 1 1
Control sample: China clay in CDM3 (not inoculated)
China clay in CDM3 inoculated with Nocardia asteroides NCIMB 12082
(similar observations were found with Nocardia sp. 12811, 12814)
Appendix 6. 1 1
Control sample: silica in CDM3 (not inoculated)
Silica in CMD3 inoculated with Nocardia asteroides NCIMB 12082 (similar
observations were found when tested with Nocardia sp. NCIMB 12811 and 12814)
Appendix 6. 1 1
Control sample: Zinc stearate in CDM3 (not inoculated)
Zinc stearate in CDM3 inoculated with Nocardia asteroides NCIMB 12082 (similar
observations wre found when tested with Nocardia sp NCIMB 12811 and 12814)
APPENDIX 7: DETERMINATION OF MICROBIAL DETERIORATION OF
ELASTOMERIC SEAL MATERIALS
PART ONE : STATIC TEST
0.0) SAFETY PRECAUTIONS
Although the strains of microorganisms Nocardia sp. NCIMB
12811 and Nocardia sp. NCIMB 12814 used in the test are
considered to belong to Hazard Group 1, defined by the
Advisory Committee on Dangerous Pathogens (ACDP) as "organisms
that are unlikely to cause human disease" , it should not be
assumed, that these organisms will be .innocuous in all
situations or that ·infection can never occur. Nocardia
asteriodes NCIMB 12082 is considered to belong to Hazard group
2, defined by ACDP as " organisms that may cause human disease
and which might be a hazard to laboratory workers but are
unlikely to spread in the community. Laboratory exposure
rarely produces infection and effective prophyaxis or
effective treatment are usually available". Thus, the test
should be carried out by qualified personnel who are trained
in microbiological techniques and equipment. safety·
precautions for· disinfecting and sterilisation must be
strictly observed.
1.0) Scope
This test provides an assessment of the biodeterioration
potential of rubber compounds used in elastomeric seals for
pipeline systems distributing water, drainage and sewage.
2.0) Principle
A washer shaped test specimen is conditioned in an inoculated
test medium (see section 5.0) which is otherwise carbon-free,
neutral(pH7.0) and low in strong oxidation promoters
(especially copper ions). The source of organic nutrient in
this chemically defined medium to support the growth ~of
microorganisms is supplied by the test specimen. The lack~of
strong oxidation promoter reduces the probability of
deterioration by hydrolytic or oxidative mechanisms. The test
assembly is incubated under static conditions for specified
periods of time at a constant temperature. The test medium is
changed and reinoculated every three weeks to remove any toxin
from leachable antimicrobial additives from the test specimen
and the metabolites from the utilisation of carbon sources by
the microorganisms. A set of control samples is treated under
similar incubation conditions except that the test medium is
sterile deionised water. weight changes in the evaluation and
control specimens are measured at the end of the incubation
periods.
3.0) Test specimens
Two sets of 5 washer shaped test specimens shall be used as
evaluation and control specimens. These are cut with an
internal diameter of approximately 10.0 mm and radial width
of 2.0 mm from 2mm thick compression moulded sheets.
4.0) Test strains of microorganisms
Pure cultures of Nocardia asteriodes NCIMB 12082, Nocardia
sp.(R315) NCIMB 12811 and Nocardia sp.(540) NCIMB 12814 are
the three main test organisms used individually in the test.
Notel: Mixed culture system is not used.
.-
Note 2 : other strains of microorganisms which may degrade
additives or base polymer may be included in the test. Any
strain of microorganism used other than those specified in
this specification has to be agreed between interested
parties. . .
4.1) stock culture
Nocardia sp. NCIMB 12811 shall be maintained on nutrient
agar slants, whilst Nocardia asteriodes NCIMB 12082 and
Nocardia sp. NCIMB 12814 shall be maintained on 1%
glucose nutrient agar slants. All these cultures are
stored at 40C and sub-cultured every 5 to 6 weeks onto
fresh media.
4.2) Subculturing
Transfer a loop full of culture from a agar slant
aseptically into 10 ml of culture broth. 1 % glucose
nutrient is used to subculture Nocardia asteriodes NCIMB
12082 and Nocardia sp. NCIMB 12814, whilst, nutrient
broth is used to subculture Nocardia s8. NCIMB 12811.
Incubate the inoculated broth at 28+/-1 C for 48 hours
before storing at 4oC. This broth culture will be used
as seed for further subculturing. It shall be used within
two weeks after incubation. Transfer 10ml of seed culture
to SOml of sterile culture broth. Incubate the broth
culture in. an orbital incubator at 110 rpm at 28+/-1oC
for 24 hours. Re-transfer the broth culture to 200ml of
sterile broth aseptically. Incubate the inoculated broth
under similar conditions for another 24 hours. The broth
culture is ready for use in the preparation of cell
suspension.
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4.3) Bacterial cell suspension
Centrifuge 260 ml of broth culture (previously prepared
according to note 3) at 3600 rpm for 15 minutes and
discard the supernatant liquid. Suspend the pellet in 100
ml of sterile saline solution (0.8 % NaCl). centrifuge
the cell suspension again. and discard the supernatant
liquid. Repeat the washing 'twice and finally suspend the
pellet in the chemically defined medium (see s.~).Adjust
the concentration of the cell suspension to 10 CFU Iml
of medium. (colony forming units per ml of medium)
turbidimetrically.
I
4.4) Viability control
Streak onto the surface of sterile nutrient agar plates a
loop full of bacterial cell suspension at the beginning
and ending of bacterial inoculation procedure
respectively. Incubate the plates for 72 hours at 28+/-
1°C. The growth should be free from contamination. There'
should be copious growth of the bacterium on both platesi-
if not, the whole test shall be repeated.
5.0 Test medium
Composition of chemically defined medium for tests with
Nocardia (similar to those used in ASTM G21 and ISO 846 except
that agar is not added)
Potassium dihydrogen phosphate
Potassium monohydrogen phosphate
Magnesium sulphate heptahydrate
Ammonium nitrate
Sodium chloride
Iron(II) sulphate heptahydrate
Zinc sulphate heptahydrate
Manganese sulphate tetrahydrate"'
Deionised water
0.7 g
0.7 q
0.7 g
1.0 g
0.005 g
0.002 g
0.002 g
0.001 g
1000.0 ml,
The pH of the test medium shall be adjusted to 7.0 +/-0.1 by
the addition of 0.01 N sodium hydroxide solution. The test
medium shall be sterilised by autoclaving at 121°C for 20
minutes.
3
Distilled or deionised water shall be used for the preparation
of media and solutions.
Chemicals used shall be reagent grade unless otherwise
specified•
.Note3 : The compositioD and pH of the test medium may he
varied to reflect the -service conditions. A medium with a
higher pH may be desirable for the test with products used as
seals for concrete pipe. If the product is going to be used in
a pipe line for. transportation of natural water, based on
analytical results on the quality of natural water, traces of
mineral salts other than listed such as copper salt may be
added to the test medium, If elastometric seals are to be use
in a sewage pipe, then a nutrient rich medium may be ~employed.
Any deviation in the medium composition and pH from those
specified in this specification has to be agreed between
interested parties.
6.0) Apparatus
Analytical balance which is capable of measuring the weight of
specimens up to 0.00001 gram shall be used.
The incubators used must he capable of maintaining the test
temperature to an accuracy of +/-loC.
Ordinary
conical
filter,
used.
microbiological laboratory apparatus (centrifuge,
flasks, autoclave, measuring cylinders, membrane
glass syringes, centrifugal bottles etc) are to be
500ml conical flasks shall be covered with gauze and cotton
wool and sterilised by autoclaving before application. This is
to provide adequate air supply to the test medium and prevent
air borne contaminants contacting the test medium.
7.0) Test procedure
pre-dry all test specimens over silica gel in a desiccator
under ambient conditions to constant weight (usually after 72hours) before test.
Rinse the surface of the test specimen twice with sterile
deionised water before introducing it aseptically to a
sterile 500ml conical flask. Add 200 ml of the inoculated testmedium to the flask.
JPlace the conical flask in astatic incubator. The incubation
temperature shall be 2S+/-1oC.The test medium is changed and
reinoculated every three weeks. Another set of control
specimens is treated similarly except that these are
I
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conditioned in sterile deionised water. The test and control
specimens are incubated for at least 12 weeks. Observations on
the extent of growth of microorganisms on the surface of test
specimens are documented photographically.
Clean the test specimens ultrasonically for 2 minutes
following exposure to "biologically active" water for a
predetermined period of time. Air dry the cleaned test
specimens for 24 hours. Tinally, dry the test specimens over
silica gel under ambient conditions until constant weight.
Weight changes in the evaluation
be measured. Weighing shall
O.OOOOlg.
and control specimens shall
be to an accuracy of +/-
Note 4 : Drying usually takes 3 to 4 weeks.
8.0) Presentation of results
The difference in weight of evaluation and control specimens
before and after exposure to "biological active" water and
sterile deionised water shall be determined respectively. The
results shall be expressed in terms of gross weight loss (GWL)
and net weight loss (NWL).
Where :
Gross weight loss of Initial weight - Final weight
specimen or control(%)=----------------------------- X 100%
Initial weight
Net weight loss of test specimen (%)= Gross weight loss of test specimen(%) - Gross weight loss
of control sample (%)
Positive values indicate weight loss and negative readings
indicate weight gain.
The arithmetic means, standard deviations and coefficients of
variation for each set of readings shall be calculated. These
are important criteria for determining the variability and the
acceptability of test results.
9.0) Test report
The test report shall include the following information:
a) Reference to this specification
b) Identification of the specimen tested.
c) organism or organisms used.
e) Medium composition and pH.
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f} Incubation conditions.
g) Date of test
h) Time of incubation.
i) A demonstration of the extent of growth of microorganisms
on the specimen photographically.
j} Tabulation of progressive weight change (GWL and NWL)
against incubation time. Give the mean, standard deviation
and coefficient of variation of gross weight change.
10.0) References and further information
1) ASTM G21(1990)
2) ISO 846 (1978)
3) Categorisation of Pathogens According to Hazard and
Categories of Containment. Advisory Committee on Dangerous
Pathogens. HMSO Second Edition 1990.
4) Hazard information from National Collection of Indu~trial
and Marine Bacteria (NCIMB).
PART TWO : DYNAMIC TEST
The Dynamic test is similar to the Static test, with the
exception of incubation conditions and the frequency of
changing and reinoculating the test medium.
The incubation of specimens is carried out in an orbital
incubator. The agitation speed and incubation temperature
shall be 50 rpm and 28+/-1oC respectively.
Changing and reinoculating the test medium shall be carried
out every two weeks.
Note : The dynamic mode of incubation increases the level of
oxygen in the test medium as well as the rate of extraction of
leachable additives from the test specimens. An increase in
the frequency of changing and reinoculating of the test medium
is designed to reduce the build up of toxin content in the
system.
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